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FOREWORD 


The  kinetics  and  equilibria  of  gas-solid  interactions  are  encountered  in 
connection  with  a  diversic  of  phenomena  -  combustion,  ablation,  corrosion, 
erosion,  catalysis  -  each  of  which  is  usually  studied  and  practised  as  a 
separate  engineering  speciality. 

This  colloquium  brings  together  workers  in  all  these  disciplines.  Research 
papers  describe  current  advances  in  NATO  laboratories  and  authoritative  surveys 
afford  a  perspective  to  show  the  common  thread  of  basic  knowledge  that  connects 
these  technologies  as  well  as  the  differences  in  goals  and  eiphasls  that  make 
each  field  uniqi-e. 

Direct  communication  between  specialists,  crossing  inter-disciplinary 
boundaries,  is  intended  to  stimulate  new  insights  in  dealing  with  the  many 
practical  problems  whic'-  involve  some  aspect  of  gas-solid  reactions. 
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THE  REACTION  OF  METALS  AND  ALLOYS  WITH  GASES 

AT  ELEVATED  TEMPERATURES  V 
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SUMMARY 

The  recent  literature  has  been  surveyed  for  theoretical  and  experimental 
contributions  to  the  understanding  of  scale  formation  in  the  high-temperature 
reaction  of  metals  and  alloys  with  gases.  The  graphical  representation  of 
thermodynamic  data  is  used  to  identify  possible  ,-eactions  between  metals  and 
alloys  and  gas  mixtures.  From  a  knowledge  of  the  predominant  vapor  species  in 
metal-oxygen  systems  and  some  limited  vapor  pressure  data,  graphical  representa  ions 
ran  be  used  to  predict  the  vaporization  rates  of  metals  and  their  oxide  scales 
as  a  function  of  oxygen  activity. 

Recent  theoretical  contributions  in  alloy  oxidation  are  discussed.  The  role  of 
grain  boundaries  of  the  scale  in  the  dissociative  mechanism  for  protective 
scale  growth  has  been  clarified.  An  alternating  diffusional  growth  and  scale 
fracture  mechanism  seems  to  account  for  the  linear  kinetics  of  scale  formation 
in  niobium  oxidation.  Impu>  .  ties  in  the  oxide  scales  of  refractory  metals 
probably  account  for  the  i.  ational  dependences  of  these  oxidation  reactions  on 
oxygen  pressure. 

The  design  of  oxidation-resistant  refractory  metal  alloys  is  discussed.  Minor 
additions  of  rare  earth  and  alkaline  earth  metals  to  oxidation-resistant  alloys 
continue  to  be  used  to  effect  reduced  scaling  kinetics  and  improved  scale 
adherence:  the  rationalization  of  this  behavior  is  yet  incomplete. 


THE  REACTION  OF  METALS  AND  ALLOYS  WITH  GASES  AT  ELEVATED  TEMPERATURES 


AN  ATTEMPT  WILL  BE  MADE  In  this  paper  to  survey  concisely  some  contributions  made 
in  the  last  few  years  to  our  fundamental  knowledge  of  the  theory  and  mechanisms 
of  high-temperature  reactions  between  gases  and  metals  or  alloys  to  form  a  scale 
of  reaction  products.  In  this  regard,  the  author  wishes  to  distinguish  between 
the  diffusional  growth  of  scales  on  pure  metals  by  the  outward  migration  of 
cations  and  by  the  inward  migration  of  anions,  with  their  corresponding  electronic 
transport  processes.  Likewise,  the  oxidation  of  alloys  based  on  these  two  types 
of  scales  shall  be  considered  separately. 

GRAPHICAL  REPRESENTATIONS  OF  THERMODYNAMIC  DATA 

Quets  and  Dresher  (3.)  have  recently  demonstrated  the  application  of  graphical 
representations  of  thermodynamic  data  (the  so-called  Pourbaix-Ellingham  plots 
which  are  well  known  in  extractive  metallurgy)  to  the  rather  complex  problem  of 
alloy  oxidation  in  gas  mixtures.  By  this  method,  reaction  tendencies  and  im¬ 
possibilities,  and  to  some  extent  reaction  morphologies,  can  be  predicted  or 
rationalized.  Quets  and  Dresher  Cl)  analyzed  the  "hot  corrosion"  or  "sulfidation" 
reaction,  i.e.  the  reaction  of  multi-component  Ni-35Cr-base  alloys  with  combustion 
product  gases  containing  oxygen,  sulfur,  and  sodium  sulfate.  Figure  1  is  a  log-log 
plot  indicating  the  stabilities  of  phases  in  the  Ni-S-0  system  at  1200°K;  to 
construct  such  a  plot,  only  values  for  the  standard  free  energies  of  formation  of 
the  compounds,  i.e.,  AG§is,  AGg^.S,,  and  AGvi0»  are  required.  In  the  analogous 
plot  for  the  Cr-S-0  system  shown  "in  Figure  2,  it  is  seen  chat  chromium  forms  both 
a  more  stable  sulfide  and  oxide  than  nickel. 

For  a  good  approximation  of  the  relative  stabilities  of  products  formed  between 
gases  containing  oxygen  plus  sulfur  and  binary  nickel-chromium  alleys  Figures  1 
and  2  may  be  superimposed  as  shown  in  Figure  3.  (Consideration  of  the  reduction 
in  activities  of  the  nickel  and  chromium  in  Ni-Cr  alloys  would  result  in  only 
small  translations  of  the  lines.)  For  the  reaction  of  relatively  dilute  Ni-Cr 
alloys  (such  as  Ni-i  to  15  Cr),  for  which  a  protective  Cr2C>3  external  scale  would 
not  be  formed  by  selective  oxidation,  both  Cr203  and  CrS  could  exist  within  a 
nickel  matrix,  as  can  be  seen  from  Figure  3.  Indeed,  in  the  absence  of  sulfur, 
Cr2C>3  Precipitates  are  formed  by  internal  oxidation  beneath  a  NiO  external  scale. 
For  the  reaction  of  dilute  Ne-Cr  alloys  with  gases  containing  both  oxygen  and 
sufricient  sulfur,  CrS  precipitates  are  found  deep  in  the  alloy,  i.e,  at  oxygen 
activities  which  are  too  low  for  the  formation  of  Cr203.  Aluminum  and  titanium 
form  even  more  stable  sulfides  than  chromium  and  therefore  their  sulfides  are 
formed  even  deeper  in  reacted  multicomponent  alloys.  A  film  or  layer  of  Ni3S2 
may  also  be  found  beneath  a  NiO  scale,  These  morphological  arrangements  of  phases 
are  consistent  with  the  thermodynamic  diagram  (Figure  3.) 

In  the  "hot-corrosion"  of  Ni-Cr-base  turbine  engine  alloys,  Na2SC>4  vapor  is 
present  from  injested  sea  water.  Likewise,  the  reaction  of  injested  NaCl  vapor 
with  the  combustion  product  gases  thermodynamically  favors  the  formation  of 
Na2Sf>4  (2).  De  Crescente  and  Bornstein  (2)  showed  that  Na2S04  vapor  does  not 
effect  accelerated  attack,  but  that  sulfide  formation  and  "hot  corrosion"  occur 
beneath  a  condensed  Na2S04  surface  layer.  The  shift  of  "hot  corrosion"  to  a 
higher  temperature  range  in  engines  with  high  compression  ratios  is  in  agreement 
with  the  effect  of  pressure  on  the  dew  point  of  Na2SC>4.  The  following  reactions 
have  been  proposed  (2)  for  the  reaction  of  Na2S04  with  base-metal  nickel  and 
the  nickel  oxide  scale,  respectively: 


and 


Na2S04  +  9/2  Ni  -*  Na20  +  3NiO  +  N13S2  Eq  U) 

Na2SC)4  +  NiO-*  NiS  +  Na20  +  202  Eq  (2) 


To  examine  the  possibility  of  these  reactions,  Quets  and  Dresher  (1)  superimposed 
the  Pourbaix-Ellingham  plots  of  the  Na-S-0  and  the  Nl-S-0  systems  as  shown  in 
Figure  A.  Also  shown  In  Figure  A  are  lines  repicfenting  the  stabilities  of  ternary 
compounds  between  Na20  and  the  oxides  of  some  common  components  in  turbine  engine 
alloys  (Si,  Al,  Cr).  As  written,  Eqs.  (1)  and  (2)  cannot  occur  because  there  is 
no  set  of  oxygen  and  sulfur  activities  at  which  pure  Na20  can  coexist  with 
either  NI3S2  or  NIS.  (A  criterion  for  a  possible  reaction  is  that  all  products 
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must  coexist  under  some  set  of  experimental  conditions.  Likewise,  the  reactant 
phases  should  not  coexist  under  these  local  activities  of  sulfur  and  oxygen.) 
However,  if  a  means  is  available  to  reduce  the  activity  of  Na20  far  below  unity, 
such  as  the  formation  of  a  ternary  compound,  or  the  dissolution  of  Na20  into 
another  phase  or  the  vaporization  of  Na20,  Eqs.  (1)  and  (2)  could  proceed,  but 
not  to  form  pure  Na20.  Thus,  Quets  and  Dresher  (1)  have  suggested  that  the 
formation  of  ternary  oxides  (such  as  those  coexisting  with  the  nickel  sulfides  in 
Figure  4  are  necessary  for  the  initiation  of  "hot  corrosion".  Considered  mor 
generally,  the  thermodynamic  Pourbaix-Ellingham  diagrams  are  quite  useful  in  the 
analysis  of  reactions  between  complex  alloys  and  gas  mixtures. 

Kellogg  (3)  has  treated  in  detail  another  type  of  graphical  representation  of 
thermodynamic  data  (also  originating  in  extractive  metallurgy)  to  describe  the 
dependence  of  the  vapor  presfure  of  a  compound  on  the  non-metal  activity.  The 
formation  of  volatile  oxide  molecules  represents  a  serious  hindrance  to  the 
retention  of  protective  diffusion-barrier  scales  for  a  number  of  oxides. 
Empirically,  it  is  well  appreciated  that  the  oxides  of  W,  Mo,  and  Cr  are  volatile 
in  oxidizing  atmospheres,  while  Si02  experiences  vapor  losses  in  reducing 
atmospheres. 


Figure  5  is  a  Kellogg-type,  log-log  diagram  describing  the  dependences  on  oxygen 
activity  of  the  partial  pressures  of  the  volatile  species  Si(g)  and  SiO(g)  over 
the  condensed  phase'"  Si(s)  and  Si02(2)  at  1500°K.  The  four  lines  of  the  diagram 
are  derived  from  the  four  vapor-forming  reactions: 

Si(s)  +  1  02  ~i  SiO(g)  Eq  (3a) 

Si(s)  -*  Si(g)  Eq  (3b) 

Si02(s)  -a  SiO(g)  +  I  02  Eq  (3c) 

Si02fs)  -♦  Si(g)  +  02  Eq  (3d) 

The  slopes  of  the  lines  in  Figure  5,  d  log  Pcjn/d  lo8  p02  and  d  log  pSi/d  log  p02> 
result  from  the  differentiation  of  che  logarithms  of  the  equilibrium  constants 
for  Eqs.  (3a-d).  To  construct  a  Kellogg  vaporization  diagram  the  following 
information  is  required:  1)  knowledge  of  the  stoichiometries  of  all  existing 
condensed  phases  and  vapor  molecules,  2)  AG°  of  formation  of  each  condensed  phase 
(in  order  to  place  the  vertical  lines  on  the  diagram),  and  3)  at  least  one  value 
for  the  equilibrium  vapor  pressure  of  each  vapor  species  over  a  condensed  phase 
at  a  particular  oxygen  activity.  The  stoichiometries  and  vapor  pressures  of 
the  volatile  species  are  most  readily  obtained  from  mass  spectrometric  investiga¬ 
tions,  but  reliable  vapor  pressures  for  many  of  the  oxide  molecules  are  not  yet 
available,  partly  because  the  oxygen  activity  is  not  usually  known  or  controlled 
in  the  mass  spectrometer. 


The  value  for  Fgi0  at  S1-S102  coexistence  in  Figure  5  is  taken  from  Schafer  and 
and  Hfimle  (4).  From  Figure  *>,  it  may  be  appreciated  that  the  vapor  pressure  of 
a  compound  is  not  a  single-valued  function  of  the  temperature  (as  is  often  assumed 
in  tabulated  daca)  whenever  the  stoichiometry  of  the  predominant  vapor  species 
differs  from  that  of  the  condensed  phase.  A  S102  scale  at  1500°K  would  exhibit 
negligible  vapor  losses  in  a  highly  oxidizing  environment  (air),  but  SiO 
volatilization  would  be  severe  in  highly  reducing  gases.  (The  annealing  of 
research  specimens  in  hydrogen  gas  in  quartz  combustion  tubes  at  1100°C  should 
result  in  contamination  of  the  apeciroents  with  silicon.) 

Figure  6  it  a  Kellogg-type  diagram  to  describe  vaporization  in  the  Cr-0  system 
at  1473*K.  The  less  important  vapor  species  Cr02  and  CrO  have  been  deleted  from 
the  diagram;  the  value  of  ?CrQ  «  5  x  10*5  atm  at  Po2  “  1  etm  is  taken  from  Caplan 
and  Cohen  (5).  As  studied  recently  by  Tedmon  (6),  tne  vaporization  of  CrOj 
molecules  from  Cr203  protective  oxide  scales  is  a  serious  engineering  problem 
which  results  in  paralinear  kinetics  for  oxidation  in  highly  oxidizing  atmospheres. 
Actual  vapor  losses  from  protective  scales  cannot  be  predicted  directly  from 
Kellogg  diagrams,  only  the  maximum  possible  vapor  loss  through  use  of  the  Hertz- 
Langnuir  equation: 


/  moles! . 
\  cm^-acc ) 


Eq  (4) 
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A  calculated  mass  transport  coefficient  is  required  to  predict  actual  vapor  loss.  3 
from  the  known  vapor  pressure. 

OXIDATION  WITH  SCALE  GROWTH  BY  CATION  DIFFUSION 

PURE  METALS.  When  the  predominant  ionic  defects  in  an  oxide  scale  are  vacant 
cation  sites,  then  the  growth  of  a  compact,  protective  layer  occurs  by  the  out¬ 
ward  diffusion  of  cations  with  a  counter  flow  of  vacancies  and  positive  holes. 

As  the  scale  thickens,  its  resistance  to  plastic  deformation  Increases,  particular¬ 
ly  at  points  of  constraint  such  as  the  edges  and  comers  of  a  specimen.  With  the 
continual  arrival  of  vacancies  through  the  oxide  to  the  metal-scale  interface, 
the  reducted  plasticity  of  the  scale  can  lead  to  the  condensation  of  vacancies 
to  form  voids  and  ultimately  a  porous  zone  at  the  metal-scare  interface. 

The  scanning  electron  microscope  seems  to  offer  outstanding  promise  for  the 
observation  and  rationalization  of  scale  morphologies  on  metals.  (In  this  regard, 
Wood  (7)  has  completed  a  comprehensive  review  of  experimental  techniques  for  the 
study  of  oxidation  rates,  structures,  morphologies,  etc.)  Howes  (8)  used  the 
scanning  electron  microscope  to  examine  the  matching  surfaces  of  a  C^Oj  scale 
which  had  spalled  from  an  oxidized  Fe-Cr  alloy.  This  detailed  observation  of  the 
inner,  porous  zone  of  the  Cr203  scale  showed  large  void  areas  with  only  oxide 
bridges  retaining  contact  between  the  outer  compact  scale  and  the  alloy.  Deep 
grooves  were  seen  in  the  grain  boundaries  of  the  alloy,  and  the  scale  above 
these  grain  boundaries  had  apparently  buckeled  outward  because  of  the  local  loss 
of  metal-scale  contact  and  the  existing  compressive  stresses.  Only  between  5  to 
25  percent  of  the  geometric  area  of  the  porous  zone  consisted  of  oxide  bridges; 
many  authors  have  recently  suggested  that  a  dissociative  mechanism  can  result  in 
thu  growth  of  the  scale  ct  the  metal-scale  interface  by  the  inward  transport  of 
metalloid  molecules  across  the  voids  within  the  porous  inner  scale. 

The  investigation  of  morphological  details  in  the  scale  is  difficult  in  the 
oxidation  of  metals  because  no  suitable  radioactive  tracer  of  oxygen  is  available, 
however,  in  the  sulfidation  of  silver,  copper,  iron,  nickel,  and  seveal  binary 
alloys,  Brilckman  (9)  and  Mrowec  (10)  used  sulfur  radio-tracers  to  study  the 
formation  of  the  inner  porous  scale  and  the  phenomena  resulting  from  its  formation. 
For  slab  specimens  of  the  pure  metals,  the  inner  porous  scale  was  initiated  at 
corners  and  edges  while  metal-scale  adherence  was  maintained  along  the  flat  faces 
of  the  specimen.  Upon  further  oxidation,  a  perforation  of  the  initially  compact 
outer  scale  occurred  in  regions  exterior  to  the  inner  porous  scale.  Thereafter, 
tracer  molecules  were  not  only  consumed  for  scale  growth  at  the  scale-gas  inter¬ 
face,  but  also  reached  the  inner  porous  zone  by  diffusion  through  the  perforations 
in  the  outer  scale.  BrUckman  and  Mrowec  suggested  that  the  dissociative  mechanism 
occurs  in  the  porous  inner  scale,  but  that  the  dissociation  is  anisotropic,  with 
preferential  formation  of  molecules  along  grain  boundaries  which  ultimately  results 
in  the  perforation  of  the  outer  scale.  In  the  sulfidation  of  alloys  for  which 
an  insoluble  internal  precipitate  is  formed,  the  porous  inner  scale  layer  was 
initiated  essentially  at  the  start  of  the  sulfidation  at  all  areas  on  the  specimen 
(not  just  comers  and  edges).  For  these  alloys,  the  perforation  of  the  outer  scale 
also  occurred  early  and  generally  over  the  specimens,  and  the  sulfide  which  was 
formed  at  the  metal-scale  interface  represented  a  large  contribution  to  the  scaling 
rate. 

For  the  oxidation  of  metals,  the  possibility  of  scale  perforation  by  the 
preferential  dissocatlon  along  oxide  grain  boundaries  of  the  inner  porous  scale 
has  not  been  investigated.  However,  oxide  scale  morphologies  resemble  closely 
those  for  sulfide  scales.  Obviously,  with  the  occurrence  of  a  dissociative 
mechanism  and  scale  perforation,  l.e.,  morphological  irregularities,  kinetic  data 
after  long  oxidation  times  cannot  be  simply  related  to  self-diffusion  in  the  scale 
according  to  Wagner's  parabolic  oxidation  rate  expressions. 

ALLOYS.  In  the  theory  of  alloy  oxidation,  C.  Wagner  has  made  two  recent 
contributions.  As  a  basis  for  calculating  the  scaling  rates  of  binary  alloys, 
Wagner  (11)  has  derived  expressions  for  the  distribution  of  cations  In  solid 
solution  oxide  and  sulfide  scales.  In  the  model  chosen  by  Wagner,  a  two-component 
alloy  was  oxidized  to  form  a  plane,  compact,  single-phase,  nearly  stoichiometric, 
electronic  conducting  scale.  Local  equilibrium  was  assumed  at  the  metal-scale 
and  jc4lf»gi8  Interfaces  so  chat  the  oxidation  rate  is  controlled  by  the  outward 
diffusion  of  the  two  cation  species  through  the  reale.  Mathematical  expressions 
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which  required  numerical  evaluation  showed  that  the  different  cations  should  not 
be  uniformly  distributed  in  a  single  phase  scale  because  of  their  differing 
mobilities,  so  that  the  cation  species  with  the  greater  mobility  would  be  enriched 
at  the  scale-gas  interface.  The  theory  was  evaluated  for  the  sulfidation  of  Cu-Ag 
alloys  and  the  oxidation  of  very  dilute  Ni-Cr  alloys.  Because  most  binary  alloys 
exhibit  either  internal  oxidation  or  selective  scale  formation  by  a  single  component 
(mechanisms  for  which  Wagner  has  previously  presented  theoretical  treatments),  the 
new  theory  for  the  formation  of  solid  solution,  single-phase  scales  may  not  find 
numerous  applications. 

C.  Wagner  (12)  has  also  examined  theoretically  the  oxidation  of  binary  Cu-Pd  and 
Cu-Pt  alloys  in  which  the  same  oxide  (CU2O)  forms  both  as  an  external  scale  and 
as  an  internal  oxide  precipitate.  A  thermodynamic  driving  force  to  effect  this 
somewhat  unusual  morphology  only  exists  when  a  slowly  diffusing,  more-noble 
component  is  rejected  and  enriched  at  the  metal-scale  interface,  fhen  the  oxygen 
activity  for  coexistence  of  the  scale  and  adjacent  alloy  is  higher  than  that  for 
the  same  oxide  in  coexistence  with  the  original  alloy  composition.  However,  to 
form  the  oxide  as  an  internal  precipitate,  a  significant  solubility  and  diffusivity 
of  oxygen  in  the  matrix  is  also  required.  As  a  criterion  for  the  simultaneous 
formation  of  an  external  scale  and  an  internal  oxide  precipitate  from  the  same 
oxide  AO,  Wagner  pointed  out  that  the  derivative  (  i  In  NaN()/  dx)x=x  at  the  metal- 
scale  interface  must  be  positive.  From  a  solution  of  the  diffusion  equation, 

Wagner  derived  a  quantitative  expression  for  this  derivative  and  showed  that  for 
Cu-Pd  and  Cu-Pt  alloys  positive  values  result  from  evaluation  of  the  expression. 

The  Wagner-Hauffe  "doping"  effect  in  alloy  oxidation  has  received  some  recent 
attention.  To  rationalize  the  enhanced  oxidation  rates  of  dilute  Ni-Cr  alloys, 

Meier  and  Rapp  (13)  studied  the  defect  structure  and  chromium  solubility  in  Cr-  |( 
doped  NiO.  The  previously  proposed  electrical  neutrality  condition,  [ Cr^jil  “  2[VNi], 
was  found  to  hold  for  all  PQ2*  The  solubility  of  chromium  in  NiO  was  found  to  be 
independent  of  P02,  but  was  rather  low:  0.015  cation  fraction  at  1100°C,  0.012  at 
1000 °C,  and  0.009  at  850 °C.  Several  authors  have  previously  reported  a  steady 
increase  in  oxidation  rate  compared  to  pure  nickel  with  increased  chromium  content 
up  to  8  or  10  atom  percent.  The  question  arises  as  to  how  chromium  in  excess  of 
the  solubility  limit  (about  one  percent)  can  effect  increased  scaling  rates;  the 
"doping"  effect  cannot  be  held  responsible.  Recently,  Wood  and  Hodgkiess  (14) 
and  Giggino  and  Pettit  (15)  have  reported  a  sharp  increase  in  scaling  rates  for 
Ni-Cr  alloys  with  very  low  chromium  contents  (1  to  2  percent),  but  then  little  or 
no  further  increase  in  kinetics  with  increasing  chromium.  This  pattern  is 
consistent  with  that  expected  from  the  "doping"  effect. 

To  provide  a  basis  for  the  use  of  the  "doping"  effect  in  reducing  the  oxidation 
rates  of  alloys  which  form  Cr203  scales,  Tedmon  and  Hagel  (16)  developed  procedures 
for  the  electrodeposition  of  lithium  onto  chromium  from  molten  lithium  fluoride. 
Despite  some  irregularities  in  the  coatings,  the  lithiated  chromium  oxidized  slower 
both  in  oxygen  and  in  air.  The  scales  which  formed  were  both  more  adherent  and 
non-spalling.  In  air  oxidation,  less  nitrification  occurred  beneath  the  "doped" 
oxide  scale.  Tedmon  (17)  also  prepared  ductile,  lithiated  Fe-25  Cr  alloys  by 
melting  under  pressure.  In  oxidation  at  1300  and  1360‘C,  the  reduced  oxidation 
rates  for  lithiated  alloys  were  ascribed  to  the  diffusion  of  chromium  ions  over 
the  Li-doped  Cr203  scale  which  simultaneously  suffered  evaporation  losses  from 
CrOj.  At  lower  temperatures.  1000-1200°C,  the  formation  of  a  ternary  oxide  barrier 
phase  at  the  metal-scale  interface  apparently  aided  the  "doping"  effect  in  the 
reduction  of  the  kinetics  and  the  improvement  of  scale  adherence. 

In  the  apace  allowed,  the  author  cannot  discuss  in  detail  all  of  the  various 
recent  contributions  to  our  knowledge  of  morphologies,  structures,  mechanisms, 
kinetics,  etc.,  for  alloy  oxidation.  However,  a  few  papers  involving  oxidation 
in  practical  alloy  systems  will  be  mentioned. 

Pettit  (18)  investigated  the  oxidation  of  Ni-Al  alloys.  As  a  function  of  the 
temperature  and  composition  three  mechanisms  were  observed:  for  the  most  dilute 
alloys,  an  internal  precipitation  of  AI2O3  occurred  beneath  the  NiO  scale;  for  the 
alloys  with  highest  aluminum  content,  a  protective  AI2O3  scale  was  formed;  for 
Intermediate  compositions,  an  Initially  formed  AI2O3  scale  could  not  be  sufficient¬ 
ly  maintained  by  the  diffusion  of  aluminum  in  the  alloy  so  that  a  reversion  to  the 
dilute-alloy  mechanism  occurred  at  longer  times.  Gigging  and  Pettit  (15)  reported 
three  differing  mechanisms  for  the  oxidation  of  Ni-Cr  alloys;  the  mechanisms 
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for  the  most  dilute  and  the  most  concentrated  alloys  corresponded  to  those  for 
Ni-Al  alloys.  For  intermediate  Ni-Cr  compositions,  an  external  (^03  scale  formed 
preferentially  above  the  alloy  grain  boundaries  while  initially  the  centers  for 
surface  grains  experienced  internal  oxidation  of  chromium  and  NiO  scale  formation. 

However,  as  the  oxidation  progressed,  the  compact  grain  boundary  layer  of 
extended  down  along  the  grain  boundaries  until  the  surface  grains  were  isolated 
by  a  protective  (^03  layer.  Internal  oxidation  and  NiO  formation  then  stopped 
and  the  kinetics  were  correspondingly  reduced.  For  Ni-Cr  alloys  in  the  inter¬ 
mediate  composition  range  (10-30  wt.  percent  Cr),  fine-grained  specimens  oxidized 
at  slower  rates  than  those  with  coarse  grains  because  of  this  tendency  to  form 
protective  0^03  grain  boundary  films.  Preliminary  deformation  of  the  surface 
prior  to  oxidation  resulted  in  a  recrystallized  surface  layer  upon  heating,  so 
that  specimens  with  surface  deformation  showed  the  preferred  oxidation  behavior 
of  fine-grained  specimens.  (Incidentally,  Pettit  (15,18)  has  also  used  an 
informative  graphical  representation  of  thermodynami  data,  i.e.,  a  log-log  plot 
of  alloy  content  (activity)  vs.  oxygen  activity  which  indicates  the  regions  of 
phase  stability.) 

Kofstad  and  Hed  (19)  have  reported  an  extensive  investigation  of  the  microstruc¬ 
tures  and  kinetics  for  the  oxidation  of  a  Co-10  w/o  Cr  alloy.  At  relatively 
high  Pq2  at  temperatures  between  800  to  1300°C,  an  internal  precipitation  of  X 

0:303  occurs  and  a  dual  layer  Co 0  scale  is  formed.  In  the  inner  scale  with  33-35% 
porosity,  the  C^O-i  precipitates  reacted  with  CoO  to  form  CoC^O^  particles.  In 
the  outer  "compact"  scale,  voids  whicn  were  apparently  closed  and  caused  by 
mechanical  stresses  accounted  for  about  3-6%  porosity.  (The  perforation  of  the 
outer  scale  by  anisotropic  dissociation  (9,10)  as  is  prevalent  in  sulfidation  did 
not  seem  to  occur.)  Kofstad  and  Hed  ascribed  the  rate  control  essentially  to  ionic 
diffusion  of  cobalt  ions  through  CoO;  however,  the  reaction  was  aided  by  a  short- 
circuiting  of  the  inner  scale  resulting  from  the  dissociation  mechanism,  while 
CoCr204  particles  served  as  barriers  to  ionic  diffusion  in  the  inner  scale.  The 
"doping"  of  CoO  by  trivalent  Cr  ions  probably  did  not  a "feet  the  rate  significantly. 

Wood  and  coworkers  have  reported  recently  several  comprehensive  oxidation  studies 
of  Cu-,  Ni-  and  Fe-base  alloys.  Whittle  and  Wood  (20)  studied  three  differing 
oxidation  mechanisms  for  Cu-N i.  alloys  containing  80,55,  and  107  Ni.  In  this 
system,  NiO  is  somewhat  more  3tafcle  than  C^O,  and  the  oxides  NiO,  Cu20,  and  CuO 
are  essentially  mutually  insoluble  and  nonreactive.  For  the  Cu-80  Ni  alloy,  a 
compact  NiO  inner  scale  controlled  the  oxidation  rate  although  a  thin  outer  CuO 
was  retained  from  the  initial  nucleation  stage.  The  microstructure  of  the 
oxidized  Cu-lONi  alloy  was  the  usual  type  for  a  dilute  alloy- internal  oxide 
precipitates  of  NiO  with  a  two-layered  CU2O  scale.  The  microstructure  for  the 
oxidized  Cu-55  Ni  alloy  was  complex,  varying  from  two-layered  to  multilayered 
scale  with  large  nodule  formation. 

Wood  and  Hodgkiess  (14,21)  have  studied  the  oxidation  of  Ni-Cr  alloys  and  Wood 
and  Whittle  (22,23)  have  investigated  the  oxidation  of  Fe-Cr  alloys;  Wood,  et  al. 

(24)  have  compared  the  oxidation  behavior  of  Ni-Cr  and  Fe-Cr  alloys.  Of  particular 

interest  in  both  systems  was  the  identification  of  ^303  (and  not  a  spinel)  as  the 

protective  scale,  as  well  as  the  description  of  scale  failure  and  healing 

mechanisms.  For  dilute  Fe-Cr  alloys  (14-18  Cr),  a  protective  C^Oj  scale  is  formed 

initially  but  then  is  lifted  or  cracked  by  mechanical  stresces  to  allow  the  more 

rapid  formation  of  a  stratified  scale  rich  in  iron  oxides.  Healing  of  the 

stratified  scale  by  the  formation  of  an  underlying  CrjG^  layer  can  occur  only  after 

some  of  the  chromium-depleted  alloy  has  been  consumed.  Scale  adherence  is 

generally  poor  for  Fe-Cr  alloys.  Alloys  of  Ni-14  to  25  Cr  retain  a  thin  external 

NiO  layer  above  the  protective  0^03  layer.  Thin  layers  of  ^303  loop  around 

grain  boundaries  and  stop  any  Initial  internal  oxidation  besides  providing  improved 

scale  adherence  compared  to  Fe-Cr  alloys.  Because  interdif fusion  is  slower  in 

f.c.c.  Ni-Cr  alloys  than  in  b.c.c.  Fe-Cr  alloys,  chromium  depletion  at  the  metal- 

scale  Interface  beneath  ^303  scales  is  greater  for  Ni-Cr  alloys,  but  the  . 

depletion  does  not  extend  as  deeply  into  the  alloy.  Oxidation  stresses  also 

occasionally  result  in  local  failures  of  protective  00303  scales  on  Ni-Cr  alloys; 

scale  failures  on  Ni-Cr  alloys  may  occur  at  higher  Cr  contents  than  in  the  Fe-Cr 

system  because  of  the  more  extensive  chromium  depletion.  However,  the  healing  of 

scale  fractures  on  Ni-Cr  alloys  is  facilitated  by  the  shallowness  of  chtomlum 

depletion  and  the  ability  of  Cr203  grain  boundary  loops  to  reestablish  a  protective 

scale. 
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For  many  years,  additions  of  rare  earth  and  alkaline  earth  metals  or  oxides  have 
been  used  to  improve  the  oxidation  resistance  of  alloys  which  are  protected  by 
scales  supporting  cation  diffusion.  Because  of  the  small  amounts  required  and 
the  reactivity  and  insolubility  of.  the  components,  a  clarification  of  the 
mechanisms  Involved  in  this  effect  has  not  been  presented.  Wood  and  Boustead  (25) 
found  that  Y  and  Gd  additions  (as  YFeq  and  Gd2Fejj)  to  Fe-Cr  alloys  resulted  in 
reduced  oxidation  rates,  the  prevention  of  breakaway  (scale  failure)  at  long  times, 
and  better  scale  adherence  on  cooling.  Mentioned  as  possible  causes  for  the  im¬ 
provements  were:  a.)  an  accumulation  of  rare  earth  oxide  precipitates  in  the  metal- 
scale  interface,  b.)  a  convolution  of  this  interface  which  keys  the  oxide  to  the 
metal,  and  c.)  the  condensation  of  vacancies  at  internal  oxide  precipitates  which 
prevents  the  formation  of  voids  at  the  metal-scale  Interface. 

Seybolt  (26),  in  the  oxidation  of  Cr  containing  5  vol.%  Y2O3,  found  the  kinetics 
to  be  much  slower  than  parabolic  at  long  times,  and  suggested  that  the  Y2O3 
particles  collected  in  the  metal-scale  interface  to  form  YCrC>3  which  serves  as  a 
barrier  to  cation  transport.  In  hot  corrosion  (sulfur  plus  oxygen)  studies, 

Seybolt  (27)  found  that  a  0.5%  Ce  addition  to  the  superalloy  Udimet  500  effected 
reduced  penetration  of  the  sulfide  precipitation  in  the  matrix.  Viswanathan  (28) 
reported  that  small  additions  of  Y  and  La  reduced  the  hot  corrosion  attack  of 
Udimet  700.  Both  before  and  after  the  reaction,  the  rare  earths  were  located 
in  the  grain  boundaries  as  LaNl*  and  LaSx,  resp.  The  rare  earth  sulfides  (and 
oxides)  seem  to  block  effectively  the  grain  boundaries  to  the  inward  diffusion  of 
atomic  sulfur  and  oxygen. 

OXIDATION  WITH  SCALE  GROWTH  BY  ANION  DIFFUSION 

PURE  METALS.  Considerable  work  has  been  accomplished  recently  toward  the 
understanding  of  the  complex  high- temperature  scaling  behavior  of  niobium  (columb- 
ium).  The  author  will  discuss  briefly  the  oxidation  of  niobium  with  the  exclusion 
of  other  metals  of  interest.,  such  as  V,  Ta,  Zr,  Hf,  Ti  ,  etc.  Roberson  and  Rapp(29) 
oxidized  niobium  at  900°C  in  a  cuprous  oxide  vapor.  Upon  reduction  of  the  cuprous 
oxide  vapor  species  (the  exact  nature  of  which  is  unknown)  by  the  niobium  to  form 
the  high- temperature  structure  a-Nb205,  two  moles  of  copper  are  deposited  at  the 
site  where  each  mole  of  oxygen  is  consumed.  Microscopic  observation  of  the  scale 
with  its  copper  markers  showed  a  series  of  relatively  compact  layers,  each  of 
which  had  successively  fractured  to  admit  the  oxidizing  molecules  to  penetrate 
the  scale.  The  oxidation  of  niobium  was  described  as  the  diffusion-controlled 
growth  of  a  compact  Nb205  layer  at  the  metal-scale  interface  to  some  critical 
thickness  at  which  the  scale  fractures  because  of  mechanical  stresses,  and  then 
the  process  is  repeated  indefinitely.  Linear  kinetics  would  result  if  the  growth 
of  layers  were  "out-of-cycle"  in  various  regions  around  the  specimen. 

Sheasby  et  al.  (30)  have  examined  the  P()2*dependence  of  the  ionic-diffusion-con- 
trolled,  parabolic  growth  of  the  low- temperature  y-Nb205  modification  at  720~850°C. 

A  large  dependence  of  the  parabolic  rate  on  oxygen  pressure  was  found;  this  result 
in  not  expected  for  the  diffusion  of  oxygen  ions  with  a  concentration-independent 
mobility.  To  rationalize  this  Pq  -  dependence,  Sheasby  et  al.  (31)  determined 
the  Po2*dePer,dence  of  the  oxygen  diffusion  coefficient  for  a-Nb20j  and  y-Nb2C>5. 

For  both  oxides,  the  oxygen  diffusion  coefficients  were  several  orders  of  magnitude 
smaller  for  oxides  with  large  deviation  from  stoichiometry,  i.e.,  at  lower  PqjJ 
apparently,  a  simple  oxide  structure  and  oxygen  ion  mobility  behavior  does  not 
exist  in  N^Oe.  The  authors  suggested  that  a  v-Nb205  scale  consists  of  a  series 
of  distinct  phases  or  structures  joined  by  regular  discontinuities.  In  fact, 

Schafer  et  al.  (32)  have  reported  the  compositions,  diffraction  patterns,  and 
thermodynamic  free  energies  of  formation  for  seven  equilibrium  phases  between 
Nb02  and  Nb205  at  1300*C. 

Kofstad  (33)  has  proposed  an  alternate  interpretation  for  the  large  Pp^-dependence 
for  the  parabolic  oxidation  of  niobium  reported  by  Sheasby  et  al.  (30)7  Kofstad 
considered  the  effect  of  aliovalent  impurities  (doping)  on  the  defect  structure 
and  associated  properties  of  Nb205,  as  well  as  Ta205  and  Zr(>2.  The  concentration 
on  native  oxygen  vacancy  defects  in  Nb20$  at  900*C  in  one  atm  oxygen  should  be  on 
the  order  of  two  parts  per  million,  while  the  "pure"  niobium  metal  and  NbjOj  used 
in  laboratory  experiments  contains  two  or  more  orders  of  magnitude  higher  impurity 
contents.  Near  stoichiometry  (at  highest  P02),  the  defect  concentrations  in  Nb205 
must  be  established  by  the  impurity  content  according  to  a  neutrality  condition 
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[ Mf Nh  1  “  f Vo'l  w^ere  Mf  is  a  trivalent  impurity  ion.  The  consideration  of  doping 
leads  to  the  prediction  of  a  PQ2^'^-dependence  of  the  electrical  conductivity 
which  is  observed,  as  well  as  a  logarithmic  dependence  of  the  parabolic  rate 
constant  on  Po2>  which  is  in  agreement  with  the  results  of  Sheasby  et  al.  The 
consideration  of  impurities  in  the  oxidation  of  refractory  metals  seems  to  clarify 
a  major  uncertainty  in  this  area,  i.e.,  the  irrational  P02 -dependence  found  for 
oxidation  rate  constants. 

J.  S.  Sheasby  (34)  has  oxidized  niobium  for  extended  times  in  the  lower- temperature 
range  450-720<>C.  An  initial  parabolic  growth  of  a  compact  scale  was 

interrupted  by  scale  fractures,  and  at  long  times,  linear  oxidation  kinetics  were 
observed.  The  final  microstructure  for  specimens  oxidized  above  626°C  revealed 
a  scale  consisting  of  a  series  of  compact  layers  of  7-^205  of  about  equal  thickness 
which  were  separated  by  fractures.  With  the  assumption  that  the  oxidation  is 
controlled  by  ionic  diffusion  through  a  compact  layer  of  y-Nb2C>5  at  the  metal- scale 
interface,  Sheasby  was  able  to  show  that  the  observed  thicknesses  of  the  scale 
layers  could  be  calculated  from  the  parabolic  rate  constant  measured  before  scale 
fraccure.  Therefore,  in  the  temperature  range  625-720°C,  the  oxidation  of  niobium 
is  controlled  by  the  diffusion  of  oxygen  ions  in  1^05,  but  the  scale  periodically 
fractures  to  result  in  linear  kinetics.  At  temperatures  between  450  and  6004C, 
suboxide  NbOz  platelets  form  in  the  metal  ber.eath  the  scale,  and  the  scale  fracture 
is  facilitated,  with  a  chevron  pattern  of  pores  appearing  in  the  scale  as  previously 
reported  for  tantalum  oxidation  by  Stringer  (35). 

ALLOYS.  Although  many  screening  studies  of  niobium-base  (and  other  refractory- 
metal  base)  alloys  have  been  carried  out,  little  study  of  alloy  oxidation  mechanisms 
has  been  made  in  these  alloy  systems.  With  our  recent  significant  improvement  in 
the  understanding  of  the  oxidation  of  pure  niobium,  some  meaningful  alloy  oxidation 
work  should  be  forthcoming.  For  the  development  of  strong,  oxidation-resistant, 
uncoated  refractory  metal  alloys,  saturation  of  the  matrix  with  dissolved  oxygen 
must  be  prevented.  The  solubility  of  oxygen  in  niobium  is  2  atom  percent  at 
1000°C;  the  dissolution  of  oxygen  into  a  niobium  alloy  under  a  Nb205  scale  can 
only  be  prevented  by  the  internal  oxidation  of  a  less  noble  alloying  component, 
for  which  the  selection  is  rather  limited;  Zr,  Ti,  Hf,  and  rare  earth  metals. 

Rapp  and  Goldberg  (36)  investigated  the  combined  internal  oxidation  and  external 
scaling  behavior  of  Nb-Zr  alloys.  (Because  of  their  creep  and  stress-rupture 
properties  Nb-Ti  base  alloys  seem  unattractive,  but  strong,  oxidation  resistant 
Nb-Hf  base  alloys  are  currently  being  developed  by  several  groups.)  At  1000°C  in 
oxygen,  oinary  Nb-Zr  alloys  with  10  and  20  atom  percent  Zr  formed  submicroscopic 
internal  oxide  precipitates  and  these  alloys  oxidized  at  linear  rates  higher  than 
that  for  pure  niobium.  However,  in  the  oxidation  of  Nb-30  Zr  and  Nb-40Zr  alloys, 
lamellar  Zr02  internal  oxide  platelets  were  formed,  and  these  were  oriented 
approximately  normal  to  the  metal-scale  inter  ice.  The  Zr02  platelets  were  appa¬ 
rently  very  strong  because  they  withstood  the  expansive  conversion  of  Nb  to  Nb205 
at  the  metal-scale  interface  without  immediate  fracture.  The  linear  oxidation 
rates  for  these  concentrated  Nb-Zr  alloys  were  lower  than  that  for  pure  niobium, 
presumably  because  with  the  mechanical  support  and  keying  of  the  ZrC>2  platelets 
a  greater  average  thickness  of  compact  Nb20^  could  be  maintained  at  the  metal-scale 
Interface.  The  addition  of  a  third  alloyine  addition,  such  as  Ti  or  Re,  can 
effect  yet  lower  scaling  rates  (and  indeed  parabolic  kinetics)  with  better  scale 
adherence  and  less  scale  porosity.  Then  qualitately,  the  design  of  an  oxidation- 
resistant  Nb*(or  Ta-)  base  alloy  seems  to  require  a  major  (20  to  407.)  alloying 
addition  of  a  less  noble  component  to  support  internal  oxidation  with  a  platelet 
morphology  and  at  least  one  other  minor  alloying  addition  whose  role  is  to  either 
soften  the  Nb205  (to  delay  scale  fracture)  or  to  dope  the  scale  with  plus  6 

or  plus  7  cations  (to  reduce  the  concentration  of  oxygen  vacancies  In  the  compact 

layer).  The  third  possible  role  of  an  alloying  addition  would  be  the  formation 
of  a  ternary  compound  with  Nb205  having  low  transport  properties. 

CONCLUDING  REMARKS 


The  author  has  attempted  to  sunsnarize  some  of  the  contributions  made  over  the  last 
two  or  three  years  to  our  understanding  of  the  oxidation  of  metals  and  alloys.  In 
this  regard,  only  high-temperature  scaling  reactions  ueze  considered,  and  even  with 
this  limitation,  some  significant  work  in  this  area  has  surely  been  deleted.  These 
deletions  should  be  blamed  on  the  limited  available  space  and  the  author's  limited 
interests  and  knowledge  of  the  recent  literature. 
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L'dtude  de  l'ablation,  phdnjto£ne  de  couplage  enCre  le  matdriau  eC  la  couche  limite,  couvre  sche¬ 
ma  tiquement  J  domaines  :  matdriau,  couche  limite,  transferts  de  masse  et  d'dnergie  A  la  surface 
en  recul, 

Nous  nous  lntdrestcns  lei  4  l'dtude  du  matdrlau,  quf  comprcnd  l'dtude  des  repartitions  Internes 
de  temperature,  de  cldl'ts  gazeux,  de  masse  spdcifique,  de  pression  ;  ces  repartitions  sont  cal¬ 
culates  par  des  modd-cs  mtthdraatiques  dtablls  en  fonctlcr.  de  paramdtres  qul  tvaduisent  globale- 
roent  let  phdnooidnes  physiques  et  chlmiques  prdponddrants  r  parmi  ces  phdnomdnes  cltons  la  clnd- 
tique  de  la  decomposition  du  materiau,  repdrde  par  la  the mogravlme trie  at  la  the rmovolumd trie  ; 
Involution  des  caractdriatlques  thermiques  et  adrotiques  de  la  matrice  poreuse  cokdfide, 
l'actlt.i  du  carbone  rdsiduel  sur  les  fibres  dc  silica  ...  etc. 

Des  valeurs  significatives  de  ces  paramdtres  peuveut  6tre  obtenues,  en  dehors  de  1 ‘exploitation 
de  schemas  inverses  utilisant  les  repartition:  de  temperature  mesurdes,  par  des  processus  expd- 
rl'ixsntaux  sdpards  dont  la  description  est  l'objet  de  ce  rapport. 
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Le  terms  d'ablatlon  qul,  i  l'orlglne,  ddpelgnalt  l'enllvement  en  surface  d'un  matdrlau  de  protec¬ 
tion  thermique,  a'eat  peu  1  peu  gdndralisd  et  11  ddslgne  aujourd'hul  1 'ensemble  des  phdnotaines 
complexes  qul  rdgiseent  le  comportement  d'un  boucller  thermique.  11  comprend  en  effet  toutes  lea 
rdactlons  de  pyrolyae  qul  provoquent  une  carbonisation  progressive  du  matdrlau  vlerge  pour  abou- 
tlr  au  ddgagement  des  gas  de  cracking  terminal  et  les  phdr.ooines  de  combustion,  de  dissociation, 
de  blocage  de  flux  thermique  adrodynamlque,  de  convection  rdsultant  de  l'lnjectlon  des  gaz  de 
pyrolyse  dans  la  couche  llmlte.  L'ablatlon  eat  done,  dans  son  sens  le  plus  gdndral,  un  phdnomine 
de  couplage  qul  assocle  dtroitement  le  matdrlau  en  transformation,  la  surface  en  recul  et  la  cou¬ 
che  llmlte. 

Nous  nous  llmlterons  lcl  i  l'dtude  du  comportement  des  matdrlaux,  dtude  orientde  vers  la  determi¬ 
nation  des  caractdrlstlquea  ndcessalres  au  fonctlonnement  de  schemas  de  calculs  representatlfo 
des  phdnomine*  analyses. 

Les  premieres  tentatlves  de  calculs  des  dcrans  thermique  a  etalent  basdes  sur  l'hypothese  slmpll- 
flcatrl.ee  sulvante  :  on  affectalt  au  matdrlau  des  caractdrlstlques  physiques  apparentes,  ces  ca- 
racterlstlques  dtant  asslmliees  &  une  capaclte  calorlflque  et  i  une  conductivlrd  thermique. 
C'est-i-dlre  que  l'on  englobalt  sous  ces  deux  paraaitres  tous  les  phdnomines  complexes  qul  rd« 
gissent  la  transformation  du  matdrlau.  Dans  ces  conditions,  l'dquatlon  de  Fourrle*.  perrnet  la  de¬ 
termination  des  champs  de  temperature.  Une  troislime  caractdrtstlque ,  la  chs.le.ur  d'ablatlon  dd- 
flnlt  le  recul  de  la  surface. 

Ces  trols  paramitres  rdsultent  ,  pour  Stre  valables  dans  un  dlmenslonnement  d 'experiences  rda- 
llsdes  dans  des  conditions  d 'dchauffement  volslnes  de  celles  rsncontrdes  on  mol.  (References  1 
et  2).  Toutefols,  physlquement,  ce  schema  slmpllfld  est  tris  dloignd  de  la  rdalltd  et,  les  ca- 
ractdrlstlques  apparentes  n'ayant  aucun  report  direct  avec  des  caractdrlstlques  physiques,  elles 
ne  peuvent  en  aucun  cas  orlenter  le  physiclen  et  le  chlmlste  lore  de  la  conception  de  formulas  de 
matdrlaux  nouvelles.  La  ndcessltd  s'est  done  falte  sentlr  d'dtabllr  dc  nouveaux  schemas  serrant 
de  plus  pris  la  rdalltd,  Ce  qul  perrnet  : 

-  des  dlmenslonnements  beaucoup  plus  prdcls. 

-  la  connalssance  plus  approfondle  du  phenamine  qul  n'est  plus  masqud  par  des  caractdrlstlques 
beaucoup  trop  slmpllfldes. 

-  1 'elaboration  plus  scientlflque  de  nouveaux  matdrlaox. 

THEME  DE  TRAVAIL 

Le  chime  de  travail  que  nous  avons  cholsl  pour  cette  etude  est  un  matdrlau  i  3  composants  :  une 
rdslne  phdnollque,  des  fibres  de  slllce  et  des  fibres  de  polyamides  aromatlques. 

les  fibres  de  polyamide  et  de  slllce  se  prdsentent  sous  forme  de  tissue  mlxtes,  le  polyamide 
dtant  destind  i  amener  d 'importances  chaleurs  de  decomposition  tout  en  lalssant  des  rdsldus  de 
cokes  tris  durs  et  adherents,  le  r81e  de  la  slllce  consiste  4  armer  ces  cokes  de  manlire  4  rd- 
dulre  les  vltesses  d'ablatlon. 

Ce  matdrlau  a  requ  la  denomination  d'Orthostralon  60. 

COMMENT  ABORDER  LE  PROBLEME. 

Rdsumons  tout  d'abord  le  processus  gdndral  de  degradation  (Figure  1).  En  partant  de  l'extdrleur 
vers  la  surface  pratlquement  Inaltdrde,  nous  trouvons  une  :one  vlerge  caractdrlsde  par  sa  con- 
ductlvttd  thermique,  sa  chcleur  spdclfique  et  sa  masse  spdclfique.  L'dquatlon  dp  Fourrler  rdglt 
alors  1‘dcoulement  du  flux  calorlflque.  Nous  abordons  ensulte  la  zone  ou  s 'amorce  la  pyrolyse, 
catactdr?sde  d'abord  par  la  tempdratrre  de  pyrolyse  commenqante .  Cette  pyrolyse  se  tradult  par 
la  formation  de  toute  une  sdrie  d'hydrocarbures,  notaoment  benzdnlques. 

La  pytolvse  cat  accompagnde  d'une  augmentation  de  la  porosltd,  MsampMHm,  catte  augmen¬ 
tation  saccentuant  au  fur  et  i  me  sure  que  noua  approchon*  de  la  aurface  en  ablation.  Lee  gaz 
rdaultant  de  la  premiire  pyrolyae  traversent  done,  avec  des  vitesaes  da  plus  en  plus  lsportantes 
dee  zonae  de  temperatures  crolasantes,  d'oii  un  cracking  qul  aboutit  finalement  en  surface,  pour 
dee  temperatures  de  l'ordre  de  2d00*K,  i  un  ddgegement  d'hydrogine,  <1  'azote  et  d'oxyde  de  carbone 
Ce  cracking  entralne  per  allleute  dee  ddpSta  de  carbons  pyrolytlque  dans  lae  zonae  lee  plus 
chaudee,  l'oxygin*  dtant  en  quantltd  lneuffleante  pour  oxyder  tout  le  carbone.  Dana  la  zone  en 
transformation  lncervlennont  dgalcaent  le  conductlvltd  thermique  de  la  chaleur  apdclflque  et  la 
mease  spdclfique  en  fonctlon  de  la  tesqidrature .  Toujour*  dans  les  zones  les  plus  chaudee,  la  si¬ 
lica  et  le  carbons  rdaglssent  et  la  slllce  disparate  tris  vita  sous  forms  ds  slllclun,  de  mono¬ 
dy*  de  illlcim  at  de  carbure  de  illicit*. 

Enfln  eu  niveau  de  le  surface,  11  faudra  prendre  an  coopts,  les  reactions  d'axydetlon  des 
elnsl  qua  la  fusion  de  la  silica,  al  le  stdoch  lead  trie  cerbone-sllice  le  parmet. 
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Des  schdmas  de  calculs  ceprdsentatifs  de  cet  ensemble  de  phdnomdnes  sonc  conoevables  et  reiative- 
mert  sleds.  Ce  qul  l'est  moins,  c'est  la  mlse  en  place  de  moyens  expdrimentaux  capables  de  four- 
nlc  avec  suff isamoent  de  reprdsentatlvitd  les  paramdtres  ndcessaires,  Nous  reviendrons  plus  loin, 
lore  de  l'exposd  des  mdthodes  d’essals  sur  ces  difficultds. 

lin  certain  nombre  d'dtapes  lntermddlaires  apparaissent  done  ndcessaires.  Elies  consisteront  & 
conslddrer  certains  phdnomdnes  sous  une  forme  globale.  Toutefois,  afln  de  respecter  l'image  gd- 
ndrale  du  schdma,  et  de  lul  conserver  toute  sa  reprdsentatlvitd ,  ces  integrations  partlelles  ne 
grouperont  que  des  propridtds  de  mgme  nature,  Far  exemple,  les  effete  the rmochimique s  de  la  py- 
rolyse  seront  dtudldes  sous  forme  d'un  "gaz  moyen"  mats  ne  seront  pas  englobda  avec,  par  exemple, 
1 'dchauf  fement  des  gaz  t  raver  sent  les  couches  cokdfides. 

Malgrd  ces  simplifications,  des  imprecielons  rdjultant  de  la  difficultd  des  experiences  subsiste- 
rort  et  l'utlllsatlon  de  sehdmas  de  calcul  Inverses  seront  encore  ndcessaires  pour  affiner  les 
rdsultats  de  calculs.  Enfin  dans  certains  cas,  les  zones  de  transition  ne  seront  pas  accessible^ 

4  1 'experience .  On  proeddera  alors  par  interpolation  entre  les  ca _ ctdristiques  4  l'dtat  initial 

et  l'dtat  final,  les  paramdtres  4  prendre  en  charge  expdrimentalement  sont  done  les  sulvants  : 

-  dans  l'ensemble  du  matdriau,  la  conductivltd  thermlque,  la  chaleur  spdciflque  et  la  masse 
spdciflque  en  fonction  de  la  tempdrature, 

-  les  chaleurs  de  decomposition  dans  la  zone  en  transformation, 

-  dans  la  zone  en  transformation  dgalement  et  dans  la  zone  cokdfide,  l'dtude  des  dchanges  gaz- 
structure  ce  qui  entralne  la  connalssance , 

.  de  la  composition  des  gaz  alnsl  que  la  chaleur  spdclfique  des  constituants, 

,  de  la  porosltd  des  structures  alnsi  que  des  pertec  de  charge. 

-  vers  la  surface,  enfin  l’dtude, 

.  des  reactions  sillce-carbone , 

.  de  1'oxydation  en  surface. 

RESULTATS  EXPERIMENTAL 

L’acquisition  directe  des  caractdrlstlques  physiques  se  heurte  4  un  oustacle  majeur  :  la  brid- 
vetd  et  surtout  l'intensitd  des  dchauf fements  qui  dans  la  plupart  des  cas  ne  permettent  que  des 
mesures  globales  lnsufflsantes  pour  meubler  les  schemas  de  calcul.  Cette  remarque  est  partlcu- 
lidrement  vrale  en  ce  qui  concerne  les  paramdtres  lids  4  la  pyrolyse .  Nous  avons  done  pris  les 
orientations  suivantes  :  les  phdnomdnes  dchappant  4  1 'analyse  fine  en  dchauf fement  rapide  sont 
dtudlla  avec  precision  au  cours  d'expdriences  de  laboratolre  rdalisds  avec  des  dchauf fements 
lents.  Lorsque  cela  est  possible,  nous  regardons  si  les  rdsultats  en  sont  directement  applica- 
bles  4  des  dchauffements  rapides.  Cette  verification  rdsultera  en  gdndral  de  l'appllcation  de 
ces  donndes  experiments  les  4  des  rdsultats  d'essals  globaux.  Dans  le  cas  ou  elle  ne  se  rdvdle 
pas  satisfaisante,  les  caractdrlstlques  physiques  sont  adaptdes  4  partir  de  ces  rdsultats  d'es¬ 
sals  globaux. 

Pour  l'dtude  systdmatlque  des  dlffdrents  paramdtres,  nous  avons  ddfinl,  aprds  de  nombreuses  ex¬ 
periences  les  domsines  de  tempdrature  correspondent  4  des  zones  prdsentant  un  mode  d'actlon  dd- 
termlnd.  La  zone  de  pyrolyse  a'dtend  de 

350°C  +  30°C  (pyrolyse  comnenqante) 

4 

oOO°C  +  100°C  tempdrature  4  laquelle  nous  conslddrons  que  toutes  les  rdactlons 
de  pyrolyse  sont  termindes. 

Des  essals  en  rdglme  transltolre  rapide  au  Jet  de  plasma  montrent  que  cette  zone  n'excdde  pas 
une  dpalsseur  de  1  on.  Dans  la  zone  cokdfide,  les  rdactlons  slllce  carbone  s'amorcent  vers 

1200*C.  Enfin,  la  tempdrature  de  la  surface  en  ablation,  pour  des  flux  de  l'ordre  de  2000  KW/m2 

des  frottemento  de  900  petcals  et  une  tempdrature  de  parol  de  2200°C. 

CONDUCTIVITE  THERMIQUE  -  La  conductivltd  thermlque  dans  la  zone  en  transformation  est 
expdrimentalement  peu  accessible.  Nous  proedderons  lei  par  interpolation.  La  ddtermlnatlon  de 
la  conductivltd  aux  tempdratures  infdrleuret  4  la  pyrolyse  conmenjante  est  trds  alsde,  par  des 

matures  en  rdglme  permanent  sur  des  tpparelllages  clastiques.  Four  obtenlr  la  conductivltd  des 

rdsldua  4  haute  tempdrature,  nous  proddrterons  de  la  manldre  suivante. 

Una  dprou^ette  d 'Orthostralon  60  est  chauffde  sur  un  four  4  Image  d'arc  sous  un  flux  de  2000  Wd<2 
pendent  un  temps  asset  long  (6  minutes).  On  dllmlns  ensulte  en  surface,  une  zone  superflclelle  de 
2  nm,  dans  laquelle  les  rdactlons  slllce  carbone  ont,  par  suite  de  lalongueur  u  temps  d'dchauf- 
fement,  perturb*  la  structure  du  matdriau.  Des  couples  thermo  dlectrlques  tungstdne-tungstdne 
Rhenium  font  elors  dlspoeds  dans  I'dprouvette  qui  sublt  ensulte  un  nouveau  chauffage  intenslf 
mals  plus  moddrd  qua  le  prieddent.  la  flux  est  de  1300  KW.  La  tempdratura  de  parol  attelnte  est 
supdrleure  4  1800*C.  Le  tamps  d'exposltlon  est  de  30  tecondet,  Cas  conditions  expdrimentales 
ont  dtd  ddflnlas  afin  de  lalsser  une  certains  puratd  4  I'essal  et  de  ne  pes  le  perturber  par 

•  des  rdactlons  slllce  carbons, 

•  un  dchauf  fement  trop  intenslf  de  le  zone  troi.de  de  1 'tnrouvutte ,  phdnce.'ne  qul  au- 
ralt  er train*  une  pyrolyee  avec  circulation  de  gaz. 
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Ces  e chauf fements  sont  toutefois  du  rafime  ordre  de  grandeur  que  ceux  rencontrds  sur  un  corps  de 
rentrde  1RB4.  Les  essals  ont  Ate  rdalisds,  et  nous  sonnies  en  attente  das  rdsultats  de  ddpouille- 
ment . 

CHALEUR  SPECIFIQUE  EN  FONCTION  DE  LA  TEMPERATURE  -  Nous  procdderons  ici  encore  par 
Interpolation  entre  les  valeurs  A  temperatures  moddrdes  et  A  hautes  temperatures.  A  basse  tempe¬ 
rature,  nous  deflnissons  la  chaleur  spdclflque  par  micro  cajorlrndtrle  differentielle.  Les  mesurea 
sont  reallsdes  jusqu'A  300°C,  temperature  jusqu'A  laquelle  le  matArlau  peut  Atre  cons  lucre  conme 
sufflsamment  stable.  A  haute  temperature,  des  analyses  de  residue  aprAs  essals  au  jet  de  plasma, 
nous  permettent  de  determiner  les  proportions  slllce  carbone,  seuls matAriaux  restant  en  place  .Lee 
chaleurs  spedfiques  globales  de  ces  residue  sont  celles  calculAes  A  partir  des  tables  de  cone- 
tantes  physiques.  L1. Interpolation  (figure  n“  2)  n'offre  lcl,  aucune  difficulte. 

VARIATION  DE  LA  MASSE  SPECIFIQUE  EN  FONCTION  DE  LA  TEMPERATURE  -  Etant  dormA  la  diffi¬ 
culte  u'une  telle  determination  en  regime  trans'toire  rapide,  les  experiences  sont  rAalisAes  en 
regime  transitoire  lent.  Nous  examinerons  par  la  suite  si  ces  rAsultats  sont  adaptables  A  des 
dchauf fements  rapldes  par  leur  application  sur  des  essals  globaux.  Ils  seront  Aventuc 1  lenient  re¬ 
touches  et  adaptds. 

Les  courtes  obtenues  montrent  une  faible  dispersion  (Figure  n°  3  ) .  La  bosse  systdmatlque  obser- 
vAe  aux  environs  de  900°  correspond  A  la  deuxiAme  decomposition  du  polyamide.  L’allure  gAndrale 
des  courbes  nous  a  incite  A  conaldArer  une  reaction  globale  qui  peut  analytiquement  se  mettre 
sous  une  forme  de  loi  d'ArrhAnius  (Figure  n°4  ). 

II  existe  une  infinite  de  trios  de  constantes  A,B,n  qui  satisfait  correctement  1 'experience . 

Nous  cholslssons  celui  qui  vdrlfie  e.u  mieux  les  rAsultats  dans  la  zone  de  forte  pyrolysr  et  nous 
et  nous  adoptons 

Ordre  de  grandeur  de  la  reaction  n  =  8 

A  *  9.10*8  mn“* 

B  -  2,575 .  lO^K 

ce  qui  correspond  A  une  Anergie  d'acti  ration  do  51,5  Real. 

La  valeur  de  n  adoptde  parait  dvidemment  trop  importante  pour  attacher  A  ces  coefficients  une  si¬ 
gnification  thermo-chimique .  Elle  rdsulie  probablement  de  1'hypothAse  simplificatrfce  d'une  reac¬ 
tion  globale.  Toutefcis  notre  but  dtait  1 'acquisition  d'une  forme  analytique  succeptlble  d'etre 
lntroduite  dans  les  calculs  et  cette  loi  satisfait  A  notre  objectlf. 

[.'adaptation  de  cette  iol  A  des  dchauf  fements  rapides  a  portd  sur  deux  series  d'essais  : 

-  la  verification  des  densitds  finales  dAfinfes  par  dissection  sur  des  Aprouvettes 
chauffdes  par  rayonnement  infra-rouge  (flux  200  KW/m2,  tempdrature  maximale  HOO'C) 
et  au  jet  de  plasma  (flux  2000  gW/m2,  temperature  de  surface  maximale  2200‘C) . 

On  constate  une  concordance  trds  satisfaisante  (figures  5  et  6  ). 

-  la  verification  sur  des  courbos  de  thermo-gravimdtrie  en  rdgime  rapide  (8°C/s)  rAa- 
li8de  par  rayonnement  inf-a-rouge  (figure  n'  7  ).  Nous  constatons  ici  aossi  une  bon¬ 
ne  concordance . 

Sans  reserve  de  verifications  ultdrieures,  nous  adoptons  done  la  loi  analytique  de  la  forme 
Arrhenius  avet  les  coefficients  que  nous  avons  ddfir.is  plus  haut. 

CHALEUR  DE  DECOMPOSITION  -  la  chaleur  de  decomposition  est  ddfinie  conme  etant  la 
difference  entre,  lfcnthalple  totale  et  la  quantlte  de  chaleur  necesaalre  A  l'Achauffement  du  ma- 
tdrlau.  Cette  derntdre  est  parfaltement  dAflnle  par  les  deux  caractArlstlques  que  nous  avons  A- 
tudides  precddenment  :  la  masse  spAcifique  et  la  chaleur  spAcifique.  Pour  acquArlr  la  chaleur  de 
decomposition,  il  nous  sufflt  done  de  determiner  l'e.ithalpie  totale,  valeur  accessible  par  ana¬ 
lyse  thermique  differentielle. 

Li  f tgure^montre  l'allure  generale  des  thermograsmes  qui  mettent  en  Aviderce  : 

-  A  290*C,  une  Inflexion  d'ellure  exotheroique  qui.  correspond  A  une  fin  de  polymeri¬ 

sation  de  It  reslne. 

-  A  440*C,  un  premier  pic  de  decomposition  du  polyamide  (pic  endoths rmlque  j  . 

-  A  500*C,  le  ptc  de  decomposition  de  la  reslne. 

-  A  700^,  erfln  le  deuxiAme  pi.c  de  decomposition  du  polyamide. 

La  figure  9  ddflnit  les  valeurs  rtlacives  en  function  de  la  temperature  de  l'enthalple 

totale  et  dee  chaleurs  dt  decomposition.  Nous  admetlons  qu'A  800*C  les  decompositions  sont  pra- 
tlquement  totalsa. 
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Nous  adoptons  done  conme  chaleur  de  decomposition  cotale  560  KJ/Kg  &  800°C.  Les  verifications  en 
regime  translcolre  replde  sont  peu  acceaslbles.  Nous  nous  trouvons  icl  en  presence  d'un  cas  oO 
les  valeurs  definitive  devront  6 tire  prdcisdes  au  cours  de  l'application  des  schemas  de  calculs, 
solt  par  balayage  solt  par  l'utllisatlon  de  schemas  Inverses  appllquds  &  des  experiences  globales 
d 'ablation. 

DETERMINATION  DU  GAZ  MOYEN  -  En  attendant  1 ‘aboutissement  d 'etudes  thermochimiques 
pensettant  de  prendre  en  compte  toutes  les  reactions  de  depolymerisation,  nous  nous  attachons  A 
la  determination  d'un  "gaz  moyen",  Cette  hypothAse  parait  acceptable  car,  la  zone  de  pyrolyse, 
nous  l'avons  vu,  presente  une  ties  faible  dpalsseu  ■  et  l'enthalpie  de  decomposition  est  suffl- 
sante  pour  prendre  en  compte  l'ens-jmble  des  phdnomAnes.  Les  gaz  sortant  de  la  zone  de  pyrolyse 
pdnetrent  dans  la  zone  cokdfide  A  une  temperature  de  l'ordre  de  800°C  et  vont  s'dchauffer  pro- 
gresslvement,  c'est-A-dire  que  seuls  pourront  subsister,  en  quantite  notable,  1'hydrogAne,  l'o- 
xyde  de  carbone  et  le  methane.  Nous  nous  attachons  done,  pourl 1  instant  A  1 'etude  de  la  composi¬ 
tion  d'un  gaz  de  pyrolyse  A  800°C .  Malheureusement,  1 'echauf fement  de  1 'dprouvette  ne  peut  pas 
8tre  instantar.e,  et  aux  faibles  temperatures,  des  carbures  benzdniques  non  crackds  se  condensent 
et  dchappent  A  1 'analyse. 

Actuellement  nous  rdcupdrons  dans  ces  essais  realises  en  analyse  thermlque  dif ferentielle  avec 
Injection  des  gaz  dans  un  chromatographe ,  environ  40  X  de  1 'ensemble  des  volatile  sous  la  forme 
(figure  n°  10). 


-  HydrogAne  .  68,9  7. 

-  Azote  .  4,4  % 

-  Oxyde  de  carbone  ..  10,7  % 

-  Gaz  carbonique  ....  9,0  X 

-  Mdthane  .  7,0  7. 


-  Folds  moldculaire  moyen  10,8 

Les  essals  se  poursuivent  actuellement  avec  les  objcctifs  sulvants  : 

-  augmentation  de  la  vitesse  de  chauffe 

-  post  chauffage  des  condensables  afin  de  parfaire  leur  cracking  jusqu'A  800°C, 

STRUCTURE  DU  MATERIAU  DE  PYROLYSE  -  Cette  structure  est  caractdrisde  par  : 

-  le  diamAtre  des  porositds, 

-  les  pertes  de  charge  dans  les  materiaux. 

Le  diamAtre  des  porositAs  ouvertes  et  leur  repartition  sont  ddtermindes  sur  un  porosimAtre  A 
mercure.  Des  mesures  sont  rdalisdes  sur  des  matdriaux  ayant  subi  des  dchauffements  rapides  A 
diffdrents  nlveaux  de  tempdrature.  Les  premiers  essais  nous  ont  montrd  des  differences  fonda- 
mentalea  entre  les  diamAtres  de  porositds  en  function  de  la  vitesse  de  chauffe.  Tour  des  dchauf- 
fements  de  l'ordre  d'un  corps  de  rentrde  IRBm  (flux  2000KW/m2,  tempdrature  de  paroi  2200“C)  le 
dlamAtre  moyen  des  porositds  ouvertes  est  de  10  microns.  Les  essals  de  mesure  de  perte  de  charge 
sont  en  cours  d 'execution. 

REACTIONS  SILICB  CARBONE  -  Nous  les  avons  mises  qualitativement  en  evidence  : 

-  la  figure  11  montre  une  dprouvette  exposde  au  four  A  image  d'arc.  On  constate  la  disparition 
de  fibres  de  silice  en  profondeur. 

-  la  figure^ontre  la  mdme  dprouvette  vue  de  face  aprAs  essals.  On  volt,  les  trous  prdcddemnient 
occupda  par  les  fibres  de  silice  perpendiculalres  A  la  surface  alnsl  que  la  trace  de  fils  pa- 
rallAles  A  la  surface  et  qui  ont  disparu. 

-  la  figure  13  montre  une  dprouvette  esstyde  au  jet  de  plasma.  Cette  dprouvette  dtait  consti- 
tude  de  couches  alterndes  de  tissue  de  polyamide  et  de  rdslne.  On  constate  (parties  en  creux) 
que  la  silice  a  dtd  rdduite,  alors  que  les  rdsidus  cokdfids  du  polyamide  restent  en  place. 

-  enfin,  nous  constatons,  au  cours  d'essaia  thermlques  au  jet  de  plasma,  une  inflexion  systdma- 
tlque  et  importance  des  relevds  thermocouples  vers  1700°C.  Cette  inflexion  disparait  aussltdt 
que  nous  opdrons  sur  un  matdrlau  constltud  unlquement  de  polyamide  et  de  rdslne  phdnolique. 

Ces  phdnomAnas  sont  trAs  complexes  et  donnent  lieu  A  des  reactions  chimiques  qui  abouttssent  es- 
aentle llement  A  la  formation  de  mono-oxyde  de  siliclum,  de  Siliclum,  de  carbure  de  Sillcium  et 
da  dloxyde  dc  carbone.  Des  essals  sont  envisages  afin  de  determiner  globalement  la  clndtlque  de 
ces  reactions. 

Four  l'lustent,  nous  considdrons  unlquement  la  reaction  jugde  essentlelle  : 

Si  02  ♦  C  St  0  +  CO  +  1&4  K  Cal/aole 


./... 


CONCLUSIONS 


Les  travaux  qua  nous  venona  d 'exposer  bridvement  marquent  un  progrds  considdrable  dans  la  repre¬ 
sentation  de  l'ablatlon,  par  rapport  eux  schemas  simplifids  qui  ie  ierraient  que  de  trds  loin  les 
phdnomdnes  reels.  Outre  les  progrds  dans  les  dimensionnements  d 'derails  thermiques,  11s  peramttent 
la  oise  en  place  de  procedures  experiments les  representatives  qui  seront  pidcieuses  lors  de  la 
conception  de  compositions  nouvelles. 

Blen  sflr,  les  caractdrisations  actuelles  laissent  encore  bier  des  incertitudes  et  certalnes  adap¬ 
tations  des  donndes  expdrimentales  sont  encore  ndcesnires.  Ces  adaptations  toutefois  seront  ad- 
misslbles  dans  la  mesure  oO  lea  rdsultats  des  calculs  seront  lnterprdtds  avec  prudence  en  gar- 
dant  parfaitement  conscience  des  approximations  admises. 
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Fig 2.  CHALEUR  SPECIFIQUE  APPAHENTE 
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Fig. 8  THERMOGRAMME  D  ANALYSE  THERMiQUE 
DIFFERENTIELLE  OE  L  ORTHOSTRALON  60 
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Fig 9.  ENTHALPIE  DE  L'ORTHOSTRALON  60 


Fig  10.  EMISSION  DES  6AZ 
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FIG  11.  ESSAI  AU  FOUR  A  IMAGE  D'ARC  FIG  12.  ESSAIS  AU  FOUR  A  IMAGE  D'ARC 

EPROUVETTE  VUE  EN  COUPE  VUE  DE  LA  FACE  EXPOSEE 


FIG  13.  ESSAIS  AU  JET  DE  PLASMA 
EPRCUVETT?  EN  COUCHES  ALTERNEES  POLYAMIDE - 
SIIICE  VUE  EN  COUPE  APRES  ESSAI 
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SUMMARY 


The  chemisorption  o£  reactive  gases  (H21  N^,  CO  and  O^)  onto  the  low  index  planes  of  the 
refractory  metals  Cr,  Mo,  W,  V.  Nb,  Ta  and  Re  has  been  studied,  using  low  energy  electron  dif¬ 
fraction.  Trends  observed  are  discussed  and  contrasted.  It  is  suggested  that  strong  covalent, 
directional  bonds  are  responsible  in  many  cases  for  the  structures  observed,  rather  than  adsorbate 
adsorbate  lateral  interactions. 
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MANY  STUDIES  OF  THE  chemisorption  of  gases  onto  refractory  metals  have  been  carried  out 
over  the  past  50  years  or  so.  Despite  the  large  amount  of  effort  put  into  such  studies  a  really 
satisfying  knowledge  of  the  chemisorption  process  is  lacking.  If  one  looks  at  the  development  of 
other  areas  of  chemistry  and  physics  one  finds  that  great  progress  was  made  following  elucidation 
of  the  elementary  structure  and  the  energetics  of  the  systems  being  studied.  In  the  case  of  surface 
studies  a  fair  amount  of  reliable  information  exists  on  the  energetics  of  gas-solid  interactions,  al¬ 
though  many  such  measurements  were  carried  out  on  poorly  defined  systems.  A  real  lack  of  struc¬ 
tural  information  exists  and  this  in  turn  inhibits  attempts  to  understand  the  kinetics  and  energetics 
of  chemisorption  in  terms  of  fundamental  parameters.  In  recent  years  widespread  use  of  low 
energy  electron  diffraction  (LEED)  (1)  as  well  as  field  electron  and  field  ion  microscopy  has  im¬ 
proved  our  position  on  the  structural  aspects  of  surface  studies  but  a  lack  of  a  detailed  theory  for 
LEED  intensity  variations  prevents  unequivocal  structure  determination.  The  studies  to  be  reported 
here  were  carried  out  principally  using  LEED  and  represent  an  attempt  to  gain  some  detailed  knowl¬ 
edge  of  chemisorbed  structures  by  studying  a  variety  of  crystal  faces  of  a  number  of  refractory 
metals.  The  metals  studied  were  V,  Cr,  Mo,  W,  Nb,  Ta  which  are  all  body  centered  cubic  and  Re 
which  is  hexagonal  close  packed.  Thus  we  are  able  to  gain  a  certain  amount  of  information  on  the 
importance  of  crystal  structure,  chemist:  y  of  adsorbate,  and  lattice  constant  effects,  by  studying 
the  interaction  of  simple  reactive  gases  (CO,  O CO2.  H2  and  N2)  with  several  low  index  crystal 
planes  of  these  materials.  Table  1  gives  some  pertinent  data  on  the  arrangement  of  these  elements 
in  the  periodic  chart  as  well  as  their  lattice  constants  (2).  From  a  chemical  standpoint  one  expects 
elements  in  the  same  group  to  give  similar  results,  while  for  any  given  crystal  plane  one  might  ex- 


Table  1.  Arrangement  of  elements  studied  in  periodic  chart.  Lattice 
constants  for  each  material  are  shown  in  parentheses. 


V  B 


VI  B 


VII  B 


V  (3.  03) 
Nb  (3.  30) 
Ta  (3.  30) 


Cr  (2.  89) 
Mo  (3.  14) 
W  (3.  16) 


Re 


BCC 


HCP 


pect  some  trend  in  behavior  with  the  lattice  constant  if  packing  or  orientation  effects  are  important. 
The  trends  we  are  looking  for  include  reactivity,  similarities  in  chemisorbed  structures  and  facet¬ 
ing. 

TECHNIQUE 

EXPERIMENTAL.  The  LEED  systems  used  in  these  studies  were  of  the  post-diffraction 
acceleration  display  type  which  are  available  commercially  from  Varian  Associates.  External 
electronic  modifications  to  the  system  allowed  measurements  of  the  energy  distribution  of  inelas- 
tically  scattered  electrons  (3,  4).  The  samples  used  were  all  electron-beam  three-pass  rone- 
refined  single  crystals  and  were  oriented,  cut,  and  polished  using  standard  metallographic  tech¬ 
niques.  In  most  cases  the  specimens  were  resistance  heated  and  temperatures  were  measured  by 
optical  and  infrared  pyrometers.  The  gases  used  were  reagent  grade  gases  and  purities  during  the 
chemisorption  process  were  monitored  with  a  quadrupole  residual  gas  analyser.  With  the  exception 
of  oxygen,  background  levels  of  residual  gases  were  less  than  one  part  in  1000.  For  oxygen,  carbon 
monoxide  wan  always  a  problem  and  could  only  be  kept  at  a  level  of  one  part  in  300 

SURFACE  PREPARATION.  To  insure  that  one  is  studying  a  surface  free  from  large  quan¬ 
tities  of  impurities  one  needs  a  surface  chemical  analysis,  preferably  carried  out  in-situ  In  this 
work  the  technique  of  Auger  electron  spectroscopy  (4.  5,  6.  7)  was  employed  by  using  the  LEED  optics 
to  measure  energy  distributions  of  inelastically  scattered  electrons.  Common  impurities  found  on 
these  refractory  metals  after  mild  heating  (500°C)  in  vacuo  are  S.  N.  Cl.  G  and  C  S  appears  when 
virtually  any  metal  is  heated  in  vacuum  and  can  be  removed  in  most  cases  by  simple  heating  to  tem¬ 
peratures  around  1000°C.  A  typical  Auger  spectrum  from  a  contaminated  V(110)surfacc  is  shown  in 
fig.  1.  The  techniques  for  producing  clean  surfaces  for  the  materials  discussed  here  included  hi  gh 
temp  nature  heating,  chemical  reaction  to  produce  volatile  products  with  the  impurities  (e  g  oxida¬ 
tion)  and  argon  ion  bombardment  followed  by  thermal  annealing.  Each  material  and  crystal  face 
must  be  treated  individually,  a  technique  which  is  effective  for  Nb  is  frequently  not  effective  for  Mo, 

INTERPRETATION.  The  number  of  LEED  studies  has  increased  very  rapidly  in  recent 
years  (1).  The  technique  is  by  now  relatively  familiar  so  only  a  few  words  will  be  said  about 
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interpretation  of  data.  The  chemisorption  of  a  gas  onto  a  surface  can  be  characterized  by  LEED  in 
three  ways.  The  simplest  case  obtains  when  the  gas  adsorbs  in  a  crystalline  layer  on  the  surface 
having  a  different  unit  cell  than  the  underlying  substrate,  In  this  case  one  gets  a  change  in  the  dif¬ 
fraction  pattern  like  that  shown  in  fig.  2.  This  set  of  LEED  patterns  shows  changes  in  the  oxidation 
of  a  Mo(112)  surface.  The  clean  pattern  is  shown  in  fig.  2(a),  Short  exposure  of  this  surface  to 
oxygen  produced  the  changes  leading  to  fig  2(b).  The  new  spots  are  half  way  between  the  original 
spots  in  the  vertical  direction.  Since  the  patterns  reflect  periodicity  in  reciprocal  space,  thiB  new 
pattern  represents  a  new  unit  cell  in  real  soace  having  twice  the  dimension  in  the  vertical  direction 
as  the  substrate,  and  no  change  in  the  horizontal  direction.  This  new  unit  cell  would  be  indexed  in 
terms  of  the  old  unit  cell  as  a  (2x1)  pattern  (8).  Further  oxidation  produces  patterns  which  can  be 
indexed  as  (2x2),  (1x2),  etc. 

In  some  cases  gases  will  adsorb  onto  a  surface  in  such  a  way  as  to  give  no  change  in  the 
size  or  shape  of  the  diffraction  pattern.  Two  cases  can  be  distinguished  here  on  the  basis  of  how 
intensities  of  diffracted  beams  change,  The  measurement  consists  in  following  the  brightness  of 
one  of  the  diffracted  beams  as  the  incident  beam  energy  is  scanned,  using  photometric  techniques. 

The  resulting  plot  is  fairly  complex  and  shows  intensity  maxima  at  many  places  not  predicted  on 
the  basis  of  the  simple  kinematic  diffraction  theory  that  is  used  in  X-ray  work.  No  detailed  dis¬ 
cussion  of  these  curves  can  be  given  here  other  than  to  point  out  that  the  ultimate  aim  of  LEED,  as 
with  any  diffraction  experiment,  is  to  use  the  experimental  intensity  variations  to  compare  with 
predicted  intensities  for  various  proposed  atomic  arrangements.  In  fig.  3  a  typical  intensity  curve 
is  given  for  one  of  the  diffracted  beams  from  Nb(UO)  surface  before  and  after  the  chemisorption  of 
hydrogen  (9).  The  point  to  notice  is  that  the  curve  shows  a  distinctive  change  of  shape  after  hydro¬ 
gen  is  adsorbed.  This  indicates  that  the  hydrogen  is  adsorbed  in  a  crystalline  layer  on  the  surface 
but  since  no  new  diffracted  beams  appear  it  must  be  in  a  lattice  which  has  the  same  size,  shape  and 
orientation  as  the  underlying  Nb(110).  If  CO  is  adsorbed  onto  the  clean  Nb(110)  surface  at  room  temp¬ 
erature,  then  again  no  new  diffracted  beams  appear  (10).  In  this  case,  however,  there  is  no  change 
in  the  shape  of  the  intensity  curve.  What  is  observed  is  a  general  and  steady  decrease  in  intensity 
of  all  the  features  in  this  curve  while  the  background  intensity. readily  increases.  This  behavior  is 
interpreted  as  due  to  an  amorphous  immobile  layer  of  CO  on  the  surface. 

RESULTS  AND  DISCUSSION 

The  first  point  to  make  in  discussing  these  results  is  that  no  correlation  was  found  between 
structures  of  adsorbed  layers  and  structure*  of  underlying  substrate;  this  includes  both  symmetry 
and  lattice  constant  effects.  Thus,  Ta  and  W  although  both  BCC  crystals,  with  lattice  constants 
3.  30A  and  2.  IfeA,  give  entirely  different  structures  and  reactivities.  Conversely,  V  and  Ta,  also 
BCC  crystals  with  lattice  constants  differing  by  10%,  give  very  similar  results  for  the  crystal  faces 
studied  so  far.  This  suggests  that  correlations  in  structure  and  reactivity  will  follow  rather  closely 
the  arrangement  of  materials  by  groups  in  the  periodic  chart.  Reference  to  Table  1  then  shows  that 
V,  No,  and  Ta  should  behave  similarly  while  Cr,  Mo  and  W  should  give  similar  results,  with  Re 
being  altogether  different.  In  most  cases  this  is  the  behavior  observed.  A  summary  of  many  of  the 
available  results  is  given  in  Table  2.  The  W(110)  work  was  reported  in  references  (11,  12);  the  W(100) 
work  can  be  found  in  (13,  14,  15,  16);  the  W (112)  work  is  given  in  (17,  18).  The  remainder  of  the  work 
was  carried  out  in  our  laboratories  and  some  of  it  was  reported  in  (9,  10.  19.  20,  21,  22).  Studies  of  Cr 
are  not  included  in  Table  2.  but  have  been  carried  out  in  this  laboratory  for  the  Cr(110)  and  (100)  sur¬ 
faces  (23).  In  this  case  a  rather  reversed  behavior  was  obtained  in  that  the  (110)  surface  faceted  into 
(100)  planes  so  that  the  surface  had  a  sawtooth-like  appearance.  The  lattice  constant  for  Cr  is  2.  89A 
which  is  considerably  smaller  than  for  Mo  and  W.  In  the  BCC  structure  the  (110)  plane  is  the  most 
densely  packed  and  hence  is  expected  to  be  quite  stable,  but  apparently  size  effects  in  Cr  cause  the 
(100)  eurface  to  be  more  stable.  The  (100)  surface  of  Cr  parallels  some  of  the  results  from  the  W  and 
Mo(100)  surfaces. 

Re(0001;  was  found  to  be  an  unusual  surface  in  that  it  showed  very  low  reactivity.  Oxygen 
adsorbs  at  room  temperature  to  give  a  (2x2)  structure  but  CO,  Nj  and  H ^  do  not  adsorb  at  any  temp¬ 
erature  from  25°C  to  2000°C,  In  fact  Re(0001)  is  one  of  the  very  few  materials  studied  in  this  labor¬ 
atory  that  will  give  good  LEED  patterns  after  cycling  the  LEED  system  to  atmospheric  pressure, 
with  no  heating  or  other  treatment  of  the  R*.  Even  many  noble  metal*  will  not  give  LEED  patterns 
under  similar  conditions. 

A  very  noticeable  trend  is  the  tendency  for  CO  to  be  adsorbed  onto  metal  surfaces  at  room 
temperature  in  an  amorphous  immobile  layer.  In  all  cases  reported  here  this  is  the  result  which 
obtains  and  indicates  that  there  is  a  random  filling  of  sites  by  the  CO.  There  is  in  general  more 
than  one  type  of  site  involved  as  flash  desorption  experiments  show.  Heating  a  pre-adsorbed  layer 
of  CO  on  Mo  or  W  in  general  cause*  some  desorption  and  gives  complex  patterns  from  the  CO  still 
adsorbed  on  the  surface.  On  V,  Ta  and  Nb  surfaces  very  good  evidence  from  both  LEED  and  Auger 
electron  spectroscopy  shows  that  heating  preadsorbed  CO  causes  a  dissociation  of  the  CO  giving  the 
various  oxide  patterns.  The  carbon  appears  to  diffuse  into  the  bulk  or  to  cooler  parts  of  the  crystal. 
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v«ry  little  de.orption  of  CO  take,  place.  Thu.  heating  V,  Nb,  Ta  and  al.o  probably  Cr  in  Co 
and  probably  in  CO,,  enyironment.  cau.e.  the.e  metal,  to  begin  to  oxidized  Whe  the  f  very  thick 
layer,  of  oxide  coufd  be  built  up  and  what  their  etructure.  might  then  be  wa.  not  S.t^Ud 

Nitrogen  wa.  not  found  to  interact  with  the  deneeet  (i  e  the  /unit  ,  . 

crystal  fSt'^T'l.T.  T*  T  ^  ^  ^  d°*'  *d‘°rb  other  material,  and 

low  enerc/  i  i.  interesting  to  note  that  hydrogen  is  a  sufficiently  .trong  scatterer  of 

’V  and  Moa00,Cand°Mo  U^°'urfaceer  'S ^7"“  *d,°,b*d  °"  *UrUc«'  “  “  d°«*  °"  the 

<.a.v.  .h<,.:rrz^?;^r:,k.b:,r«°r,h  M° The  v- Nb 
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Derivative  of  the  energy  distribution,  N(E),  vs  energy,  E,  of  inelastically  scattered  electrons 
from  V(110)  sample.  Some  of  the  Auger  peaks  observed  are  labeled. 


Changes  in  DEED  patterns  from  Mo(112)  due  to  oxidation  a)  Clean  Mo(112)  b)  (2x1)  oxide. 
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Changes  in  intensity  of  (00)  beam  from  Nb(110)  due  to  adsorption  of  one  monolayer  of  hydrogen. 
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SOMMAIRE 


Des  renseignements  intlressants  sur  l'hypothese  d'egalite  des  viscosites, 
conductivites  et  diffusivit4s  turbulentes,  nous  sont  donnes  par  1 'etude  d'un  trans- 
fert  simultan^  de  chaleur  et  de  matiSre.  Ce  transfert  a  lieu  lors  d'une  combustion 
catalytique  de  surface  d'hydrog3ne  dans  l'air  dans  une  couche  limite  turbulente  pre- 
4tablie  au-dessus  d'une  plaque  plane.  Par  des  explorations  fines  des  couches  limites, 
nous  calculons  les  differents  flux  au  voisinage  d'une  discontinuity  de  type  "4chelon" 
3  la  paroi  et  nous  examir.ons  1' influence  de  la  temperature  de  paroi .  Les  valeurs 
exp4rimentales  de  la  conductivity  et  de  la  diffusivite  turbulente  mettent  en  defaut 
les  hypotheses  du  nombre  de  Prandtl  turbulent  egal  3  1 'unite  juste  apres  la  discon¬ 
tinuity,  le  nombre  de  Lewis  turbulent,  par  contre,  n'est  pas  affecte  par  cette  condi¬ 
tion  3  la  limite. 


S  .  1 


LES  TRAVAUX  EXPERIMENTAL  concernant  ^es  explorations  de  couches  limites 
turbulentes  avec  transfer!  de  chaleur  et  de  matifcre  sent  rares ,  notamment  dans  le 
cas  oil  les  variations  des  propri4t6s  physiques  de  1 'Icoulement  avec  la  temperature 
ne  peuvent  Stre  negligees.  Dans  le  cas  de  discontinuity  3  la  paroi  de  type  "Step", 
les  theories  semi-empiriques  classiques  doivent  Stre  adaptees .  D.B.  Spalding  (1) 

12),  dans  le  cas  de  propriStSs  physiques  conetantes  donne  une  solution  corrigeant 
avec  une  bonne  approx ima cion  la  theorie  de  Seban  (3)  et  Rubesin  (4)  pour  les  abscis¬ 
ses  proches  de  la  discontinuite. 

Nous  nous  proposons  dans  le  cas  d'un  transfert  simultane  de  chaleur  et  de 
matiSre  par  catalyse  de  surface  d'hyd-ogine  contenu  dans  de  l'air  3  faible  concentra¬ 
tion,  d'aborder  expSrimentalement  la  validity  des  hypoth3sea  concernant  les  diffusi- 
vites  turbulentes  et  les  nombres  de  rrandtl  et  Lewis  turbulents .  Les  premiers  resul- 
tats  concernant  -n  transfert  de  c>  ileur  seul,  dans  les  mimes  conditions  experimen- 
tales,  ont  4te  donnis  dans  (S).  A  partir  des  equations  de  transfert,  nous  ivaluonc 
experimentalement  l’influence  des  different*  termes  dans  l'intigrale  premiire. 

LES  EQUATIONS 


Nous  considircns  les  equations  de  conservation  a  deux  dimensions  utilisies 
en  ecoulement  laminaire  compressible  pour  ur.  milange  binaire  de  gaz  (6).  La  pression 
statique  est  censtante  et  la  variation  de  la  chaleur  massique  Cp  en  frnction  de  la 
temperature  est  negligee.  Pour  adapter  ces  equations  au  cas  de  l'ecoulement  turbu¬ 
lent,  nous  considererons  les  valeurs  moyennes  des  variables  et  nous  remplaqons  les 
parametres  moieculaires  de  transport  par  leur  equivalent  en  turbulent.  La  faible 
vitesse  de  1 'ecoulement  litre  (30  m/s)  permet  de  negliger  la  contribution  d“  l'iner- 
gie  cinetique  dans  liquation  de  I'enthalpie,  d’autre  part  l’apport  d'enthalpie  dQ 
au  flux  de  diffusion  d'hydrogSne  peut  Stre  neglige  compte  tenu  de  sa  faible  concen¬ 
tration. 

Dans  ces  conditions,  x  et  y  etant  respect ivement  les  coordonnees  longitu- 
dinale  et  normale,  les  equations  s'ecrivent  : 

Equation  de  conservation 


Tx  +  (pv)  =  0  (1) 

Equation  de  la  quantite  de  mouvement 
lu  .  ...  3u  _  3 
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Equation  de  I'enthalpie 
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Equation  de  diffusion 
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nombre  de  Schmidt  effectif  Sc 


Scx  (1  +  Sct  <1  +  jj-) 


Les  indices  1  et  t  se  rapportent  respectivement  aux  propri4t4s  laminaires  et  tur- 
bulentes.  Les  equations  (3)  et  (4)  deviennent  : 


3T  x  „„  9T  -  3 

pu  ^  +  pv  '  17  >7?^  77' 


pu  H  ♦  pv  If  -  fc  !(Sr 


♦  _H_  _L 
3c7  7 


Remarque  :  la  concentration  c  dans  liquation  (6)  est  le  rapport  molaire  n/N,  cr. 
toute  rigueur  il  faudrait  prendre  la  concentration  massique  nm/NM,  mais  on  suppose 
la  masse  molaire  du  ..lelange  (.onstante  4tant  donnl  la  faible  teneur  en  hydrogene. 

CONDITIONS  EXPERIMENTAL 

La  uoufflerie  (sch4matis4e  sur  la  figure  1)  est  3  circuit  ferm4  afin  de 
maintenir  constant  un  taux  d'hydrogSr.e  de  0  3  S  *  dans  de  1'air  ;  le  contrSle  se 
fait  au  moyen  d'un  cathorometre  commandant  une  vanne  4lectromagnetique ,  le  taux 
psut  ainsr.  6tre  maintenu  l  1  %  pr£s  de  la  valeur  nominale.  La  vitesse  dans  l'ecou- 
lement  libre  de  la  veine  est  d' environ  29  m/s.  Le  circuit  comprend  un  condenseur 
afin  d'41iminii’  la  vapeur  d'eau  form4e  par  combustion,  un  thermostat  maintient  cons¬ 
tants  la  temperature  d'entr4e  du  fluide  dans  la  veine.  Les  gradients  de  pression 
statique  au-dessus  au  la  plaque  sont  4limin4s  grAce  A  une  paroi  superieure  mobile. 

Les  conditions  aux  limite  sont  r4sum4es  sur  la  figure  2.  La  couche  li¬ 
mits  de  concentrations  et  de  tempArature  se  d4veloppe  dans  la  ccache  dynamique  qui 
eile-mAme  se  d4veloppe  depuis  35  cm.  Une  lAg£re  saillie  a  la  jonction  plaque- 
collectour  perrnet  d'acc41erer  1 'Atablissement  du  r4gime  turbulent.  La  zone  de  reac¬ 
tion  a  une  longueur  de  IS  cm,  la  plaque  chauxfante  est  en  palladium,  la  combustion 
catalytique  de  1 ' hydrogAna  commence  A  partir  de  25C°C.  Afin  de  maintenir  constante 
la  tempArature  de  paroi,  nous  avons  construit  un  dispositif  de  chauffage  r4glable 
par  tranches  dont  le  c-»<rr61e  se  fait  par  des  thermocouples  log4s  sous  la  plaque. 
L'nrigine  fictiva  de  vuehe  limite  dynamique  est  dAterminee  experimentalement 
par  une  mAthnde  class-.  (8),  le  nombrs  de  Reynolds  e-.  X  s  0  est  6,2.10s. 

Les  mesures  des  valeurs  moyennes  sont  effectuees  au  tube  de  pitot  poir 
les  vitesses,  au  Thermocouple  pour  It.  cempAraturas  '.’.a  soudure  etant  aplatie  de 
faqon  J  ce  quc  la  hauteur  de  resure  soit  de  l'ordre  ae  s/lOOe7™).  Les  mesures  des 
fluctuations  de  tempAratures  de  vitesse  et  de  concentration  sont  erfectu4es  au 
"thermoanAmomitre",  un  fil  chaud  est  commandA  par  un  train  d' impulsions,  les  details 
de  ce  prototype  scront  donnes  dans  (S).  Lies  corrections  de  mcsure  des  concentrations 
moyennes  pris  de  la  paroi  sont  nAcessairos  par  suite  de  la  pr4sence  de  vapeur  d'eau 
d'una  part  et  d'autre  part  a  cause  de  la  hauteur  d 'aspiration  de  la  sonde  dans  les 
regions  A  forts  gradients. 

RESULTATS 

EXPLORATIONS  DES  COUCHES  LIM1TES.  Les  mesures  de  vitesse  effectives  1  tem¬ 
perature  ambiante  an  1'abaence  de  catalyse  at  de  trc"sfert  de  chaleur .exprimAes  cn 


termeo 


u  j  /cf/i 


at  y*  •  y  /CT77  taHA  ,  se  regroupent  our  la  loi  de  paroi 


avee  das  approximations  du  »•»«  ordre  qua  ccllas  feites  dar.s  'as  travaux  de  diffe¬ 
rent*  auteurs  collectAs  per  Kastin  et  Richardson  (102.  La  figure  3  donna  les  valeurs 
du  coefficient  da  frottsment  Cf/2  dans  la  zone  d'etuda  j  en  abscissa  sui  cette  court)*.* 
nouc  evens  inscrit  la  correspondence  antra  X  distance  u  l’orijine  de  la  plaque  cata- 
ly sente  at  x  distance  I  I'origino  fictile  de  la  couche  limits  dynairi  a  ;  *<ntre  pa¬ 
rentheses,  nous  donno.  «  les  valeurs  da  X  dlfinies  1  froid,  X*  etant  la  distance 
•ena  dimension  donr.Aa  par  Spalling  dens  (1) 


«*  •  l .  *S 


/rrn  dx 


La  transformation  donnant  X  dans  la  cas  du  fluide  compressible  reste  J  dAfinir. 


5.3 


Sur  la  figure  4,  nous  donnons  quelques  profils  de  temperature  exprimls 
en  G/Oo,  G  etant  l'ecart  entre  la  temperature  locale  et  la  temperature  5  la  paroi  : 

3  =  T  -T.  La  valeur  moyenne  de  T.)  est  de  430°C.  Nous  avons  egalement  effectue 

des  mesures  sans  transfert  de  matiere  pour  T  -  63°C,  210°C  et  480°C.  Les  reparti¬ 
tions  ont  ete  faites  a  partir  de  X  =  0,5  mm  tous  les  1,5  cm.  La  figure  6  represente 
un  profil  de  fluctuations  de  vitesse  et  de  temperature  au  pres  de  la  paroi  mesura 
simultanement  pour  -  63°C. 

Nous  mon irons  sur  la  figure  5,  les  profils  correspondants  en  concentra¬ 
tions,  le  taux  d' hydrogene  dans  l'ecoulement  libre,  Co,  etait  de  3  %.  Pour  que  les 
mesures  tout  pres  de  la  paroi  soient  valables,  ii  faut  tenir  compte  des  corrections. 
On  peut  montrer  facilement  que  la  concentration  en  vapeur  d'eau  3  la  paroi  atteunt 
une  valeur  double  de  c0,  done  6  %  3  la  paroi,  elle  decroit  tr3s  vite  avec  y 

par  suite  de  1 ' inferiorite  du  coefficient  de  diffusion  de  la  vapeur  d'eau  3  celui 
de  l'hydrogene,  ainsi  pour  c/c0  =  0,5,  l'erreur  tombe  32*.  L'erreur  provenant  de 
la  sonde  d'aspiration  qui  n'est  pas  infiniment  mince,  est  plus  importante,  nous  pou- 
vons  la  chiffrer  par  la  formule  suivante  : 
e  e 

y+i  y+i 

c(y)  mes.  /  pu  dv  =  /  puc  dy 

y-i  y" 

e  etant  l'epaisseur  d'aspiration.  Pour  la  valeur  minimum  mesurable  de  y,  soit 
0,09  mm,  l'erreur  atteint  30  %,  elle  devient  negligeable  pour  y  =  0,5  mm.  En  effec- 
tuant  ces  corrections,  le  prof.'l  c/ca  passe  par  zero  pour  y  =  0,  ce  qui  correspond 
3  une  combustion  catalytique  complete  a  la  paroi. 

INTEGRALES  PREMIERES.  Effectuons  le  bilan  local  correspondent  aux  int4- 
grales  premieres  des  equations  (5)  et  (3) 


h  (1 '  §7)  +  f  p7  £7 dy  (8) 


3  p  u 
e  y  o  c 


:j_  P:-«  T"  3y 


=  f-  f  (1  -  £-)  £-  dy  +  (1  -  £-)  /V  E_  0-  dy  (9) 

3x  ^  ca  p 0  uo  Co  3x  '  po  ua 

De  ces  equations,  on  tire  lea  valeurs  des  conductivi tas  totales  =  k  +  k^  et 
diffusivite  totals  c.  =  (pD)  +  (pD).. 


Pr  p  u  Co  c  uo 

e  0  0  [1 

U+U,  t, 

_  =  .  .  a  (ID 

SF  p0u,  e  j  u  i 

L’ integration  sur  toute  l'epaisseur  de  la  couche  iimite  nous  donne  le 
flux  total  sous  forme  du  ncir.bre  de  Stanton,  St.  pour  le  flux  de  chaleur  et  St.  pour 
la  diffusion.  0 

4. 


?t.  *  -  4-  !  '  2-  H_  (1  -  0  )  dy 

n  Jx  1  Po  uo  uj  y 

0 

St.  =  -  r-  /  (1  -  — >  dV 

d  3  x  •  p  j  u  o  c  3 


4|.  el  5 j  vtur.t  respcctivcment  les  epaisseurs  de  couche  Iimite  en  temperature  et  en 

concentration.  L’eliminat ion  do  la  thermodiffusion  dans  l'4quation  (13)  provient  de 
la  forme  Jo  K^.  =-U,l67  c,  done  nul  3  la  paroi  et  iT/iy  s  0  pour  y  >  4^. 

La  th.rr.oJif fusion,  en  general  negligee  dins  les  Icoulemcnts  turbulent*, 
occupe  un>>  place  nc table  darr.  le  transfert  aupr4s  la  la  paroi  pour  des  valeurs  de 
X  pi  ocher.  Jo  la  discontinuity.  Nous  avons  trac4  sur  la  figure  7  1 '  importance  de  la 
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thermodiffusion  par  rapport  au  flux  total  pour  X  =  0,5  cm,  X  *  2  cm,  X  =  5  cm  et 
X  -  14  cm.  Le  maximum  est  atteint  1  la  fin  de  la  sous-couche  ;  il  a  une  valeur  de 
10  %  au  proche  voisinage  de  l'origine  du  transfert,  oette  valeur  tombe  I  4  \  en 
fin  de  plaque. 


FLUX  TOTAL  A  LA  PAROI.  Nous  donnons  sur  la  figure  8-  les  valeurs  exp4ri~ 
mentales  de  /X  St  dx  d4duites  des  4quations  (12)  et  (13).  En  1 'absence  de  catalyse 


le  fluide  4tant  de  l'air  pur,  les  points,  pour  les  trois  temnlratures  de  paroi  63°C, 
210°C  et  480°C,  se  regroupent  sur  une  eourbe  unique  i  4  I  pres.  Nous  pouvons  done 
en  d4duire  que  1* influence  des  propri4t4s  physiques  variables  ne  change  pas  notable- 
ment  le  transfert  total  de  chaleur  3  la  paroi.  La  eourbe  thlorique  est  d4duite  de  la 
th4orie  de  D.B.  Spalding  (2)  en  incompressible. 


L'hypothSse  fondamentale  dans  cette  th4orie  est 


+ 


1  oO  e*  est 


la  viscositl  totale  sans  dimension.  Cette  hypoth&se  permet  de  ramener  1  Equation  de 
1'enthalpie  3  : 


3  §7  .  _1 _ 3_  fh 

3u+  < 


(14) 


Pour  obtenir  la  solution  par  calcul  machine  ou  approchSe  sous  la  forme 

d'une  s4rie,  il  est  n4cessaire  de  supposer  e^/Cy  constant.  Les  valeurs  de  la  fonc- 

tion  de  Spalding  Sth  Pr/|(l/2)  Cf | 1  2  ont  4t i  calcul4es  pour  diff4rentes  valeurs 

du  nombre  de  Prandtl  laminaire,  par  Gardner  et  Kestin  (11)  en  supposant  le  nombre  de 
Prandtl  constant  et  4gai  3  l'unit4.  A  partir  de  ce  calcul  pour  Pr.  =  0,72  et  des  va- 

leurs  de  X  correspondent  3X3  froid  comme  cela  est  indiqu4  sur  la  figure  3, 
nous  avons  trac4  la  eourbe  th4orique,  elle  s'4carte  des  points  explrimentaux  pour  les 
faibles  valeurs  de  X. 

L'4cart  de  la  eourbe  exp4rimentale  dans  le  cas  oil  il  y  a  catalyse  peut 
s'expliquer  par  la  variation  du  nombre  de  Prandtl,  due  3  la  pr4sence  de  3  %  d'hydro- 
g3ne  dans  l'air.  En  effet,  si  la  viscosit4  du  m4lange  varie  d'une  fagon  n4gligeable, 
il  n'en  est  pas  de  m8me  pour  la  conductivit4  K  qui  varie  de  10  %  pour  3  %.d'H2 
d'aprSs  l'4quation  de  Wessiljewa  (12).  Si  1'on  admet  une  affinit4  en  Pr^'*'5  les 

deux  eourbe s  se  regroupent  avec  une  bonne  approximation.  La  eourbe  sup4rieure  regroupe 
les  points  exp4rimentaux  correspondent  au  transfert  de  matifcre  (Tp  *  440°C).  L'affi- 

nit4  avec  la  eourbe  th4orique  doit  se  faire  suivant  une  puissance  du  nombre  de  Lewis 
(Dp)  c 

- j-=— E  ,  D.?.  Spalding  dans  (13)  conseille  une  puissance  voisine  de  0,5  pour  les 

faibles  valeurs  du  nombre  de  Prandtl  (ou  Schmidt  4gal  ici  3  0,22). 

CONDUCT I VITES  ET  DIFFUSIVITES  TURBULENTES.  La  figure  9  rapporte  les  va¬ 
leurs  sans  dimension  de  la  conductivit4  turbulente  -  1/Pr1  dans  le  cas  oil  il  n’y 

a  pan  de  transfert  de  matilre  et  pour  Tp  *  63°C.  est  tir4  <»xp4rimentalement  des 

4quations  (8)  et  (10): 


en  abscisse,  nous  avons  port4  y  d4fini  en  incompressible  (l'Scart  da  temp4rature 
3  l'4coulament  libre  4tunt  faible,  nous  pouvons  consid4rer  les  propri4t(s  physiques 
constantes).  La  formula  de  Spalding  (2)  donnant  (c+u-l)  dans  les  mimes  conditions 
apparatt  comme  une  limite  pour  dee  X*  suffi'amment  4loign4s  de  la  discontinuitl . 

Par  suite  le  nombre  de  Frandtl  turbulent  Pr^  *  (e+  -  1 ) / ( -  1/Prj)  tend  vers  une 

valeur  voisine  de  1  pour  ces  mimes  X. 

Sur  la  figure  10,  nous  avons  port!  les  valeurs  correspondantes  de 
ej  -  1/Sc^  et  tjj  -  1/Pr^  pour  X  voisin  de  la  discontinuitl  lore  da  transfert  si- 

multanl  de  chaleur  et  de  matilre,  ct  est  dlduit  de  la  mime  manilre  que  l'lquation  (IS) 

lie  U 


Nous  n'avons  pas  porc4  er.  abscisse  la  variable  y*  car  on  ne  peut  plus  considlrer 
le  fluide  comma  ir.ee  apressible ,  toutefois  si  nous  supposons  que  le  coefficient  de 


frottement  3  la  paroi  n'est  p^s  affecte  par  la  discontinuity  en  temperature,  nous 
pouvons  appliquer  le  changement  de  variaLles  propose  par  Baronti  et  Libby  (14)  en 

remplaqant  y  par  Jy( p/po)  dy.  Nous  avons  ainsi  trace  la  courbe  theorique  corres- 
o  '  , 

pondant  3  celle  D  la  figure  9,  ncu~  voyons  que  13  encore  les  valeurs  de  ten- 

dent  vers  cette  .  .imite  ave.c  une  bonne  approximation.  Etant  donne  le  voisinage  de 
(e^  -  1/Sc^)  et  ( -  1/Pr^)  le  nombre  de  Lewis  turbulent  peut  Stre  considere  comme 

egal  3  l'unitl,  mSme  tout  pr3s  de  la  discontinuite . 

CONCLUSION 


Etant  donne  le  tr3s  fort  gradient  qui  '•3gne  apr3s  une  discontinuite,  l’hv- 
poth3se  du  nomDre  de  Prandtl  turbulent  constant  et  egal  3  l’unite  n’est  pas  valable. 

Les  termes  provenant  des  derivees  longitudinales  genlralement  nigligls  dont  les  equa¬ 
tions  de  la  couche  limite  sont  peut-itre  3  prendre  en  consideration  pour  les  ?,  fai- 
bles,  seule  une  etude  detainee  des  fluctuations  de  temperature  et  de  concentration 
peut  nous  fournir  les  renseignements  necessaires.  De  la  figure  10,  nous  pouvoms  d4- 
duire  que  le  nombre  de  Lewis  par  contre  peut  Stre  considere  egal  3  l’unite. 
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SYMBOLES 


Composante  longitudinale  de  la  vitesse  Ccm/s). 

Composante  normale  de  la  vitesse  (cm/s). 

Distance  le  long  de  la  plaque  (origins  fictive  de  la  couche  limite  dynami- 
que  (cm) . 

Distance  le  long  de  la  plaque  (origine  &  discontinuity  (cm). 

Valeur  de  x  3  la  discontinuity. 

Distance  normale  I  la  plaque  (cm) . 

Masse  volumique  du  melange  (g/cmJ). 

Chaleur  massique  du  mllange  (cal/g  °C). 

Nombre  de  molecules  de  gaz  combustible  par  unite  de  volume. 

Nombre  de  mollcules  de  melange  par  unite  de  volume. 

Concentration  en  gaz  combustible  s  n/N 
Masse  molaire  du  gaz  combustible  (g) 

Masse  molaire  du  melange  (g) 

Temperature  (absolue  en  °K  sans  autre  precision). 

Ecart  1  la  temp4rature  de  paroi  (Tp-T>  (°C) . 

Viscosite  moleculaire  (poises) 
viscosite  turbulente  (poises) 

Conductivity  thermique  moleculaire  (cal/s  °C.cm). 

Conductivity  thermique  turbulente  (cal/s  °C.cm). 

Coefficient  de  diffusion  binaire  (cm2/s). 

D^  Diffusivite  laminaire  (g/cm.s). 

D)^  Diffusivite  turbulente  (g/cm.s). 

Coefficient  de  diffusion  thermique  (sans  dimension)  (  =  0,167c  pour  1 'hydro- 
g£ne) . 

Epaisseur  de  la  couche  limite  de  diffusion  (cm) . 

Epaisseur  de  la  couche  limite  thermique  (cm) . 

Viscosit4  totale  (poises). 

Conductivity  totale  (cal/s  °C.cm). 

Diffusivity  totale  (g/cm.s). 

Fluctuation  de  vitesse  (cm/s). 

Fluctuation  de  tempyrature  (°K). 

Srandeurs_saxjs_Qimension 

Nombre  de  Prandtl 
Nombre  de  Schmidt 
Nombre  de  Lewis 
Nombre  de  Stanton 

Coefficient  de  frottement  3  la  paroi. 

X  _ 

Distance  =  /  SJ—l  /Cf/J  dX 
L 


Distance  = 


Vitesse 


1 

/5T7T 


l 

/£T7T 


Indices 

dans  l'ycoulement  libre. 
i  la  paroi 

so  rapportant  au  laminaire 

se  rapportant  au  turbulent 

se  rapportant  au  transfart  de  quantity  de  mouvemer.t 

se  rapportant  au  transfert  de  chaleur 

se  rapportant  au  transfert  do  matiire. 


o|n 
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FIGURE  5  :  Quelque*  point*  das  exploration*  an  concentration 
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SOHA&Y 

A  msthemtical  model  ia  developed  for  the  penetration  of  a  reversible  poison 
that  is  adsorbed  on  the  catalyst  surface;  its  application  to  isotheraal  reaction 
systems  is  discussed. 

The  model  predictions  are  found  to  be  in  reasonable  agreement  with  experimental 
results  obtained  for  the  hydrogenation  of  ethylene  on  a  copper-magnesia  catalyst 
in  the  presence  of  water  vapour  which  acts  as  a  reversible  poison. 


6.1 


TES  PROBLEM  OF  CATALYST  DEACTIVATION  is  of  current  interest.  In  particular  the 
optimisation  of  reactor  performance  in  caaea  where  the  e  vtalyat  activity  decreases 
with  operating  time  has  received  much  attention  in  the  literature.  The  deactivate 
aay  be  due  to  the  presence  of  impurities  in  the  feed  atreaa  or  to  reaction  products 
both  of  which  may  either  occupy  the  active  sites  or  in  some  way  impede  access  to 
then.  In  mechanistic  studies  of  the  process  the  usual  assumption  is  that  the 
poiacrj  species  bonds  irreversibly  to  the  catalyst  surface.  The  poison  ia  generally 
considered  either  to  advance  as  a  step  from  the  outer  surfaces  completely 
deactivating  the  regions  it  hns  reached  (pore-mouth  penetration),  or  to  act 
uniformly  throughout  the  catalyst  particle  (homogeneous  poisoning). 

But  there  exist  many  processes  where  the  removal  of  a  poison  from  the  feed 
stream  results  in  the  complete  restoration  of  catalyst  activity.  A  theoretical 
basis  for  the  study  of  such  systems  has  great  potentiality  because,  as  demonstrated 
by  ROSENMOHD  and  ZETSCHE  and  quoted  in  reference  [ t j  ,  a  poison  can  be  used  to 
improve  catalyst  selectivity;  and,  for  the  case  of  a  suitable  reversible  poison, 
metered  quantities  can  be  added  to  the  reactor  feed  stream  to  continuously  control 
the  product  composition. 

Such  techniques  are  used  industrially.  An  interesting  example  is  the  hydro¬ 
carbon  reforming  process  carried  out  on  a  bifunctional  catalyst  of  platinum 
supported  on  an  alumina  base.  Dehydrogenation,  dealkylation  and  dehydrocyclization 
reactions  take  place  on  the  platinum  sites;  dealkylations,  hydrocracking  and 
isomerisations  occur  on  the  acidic  sites;  and  two  poisons,  H?S  and  H_0,  th'it  block 
the  platinum  and  acidic  sites  respectively  are  use'?,  in  trace  quantities,  to 
adjust  the  overall  performance 

However  to  make  the  most  of  these  techniques  some  basic  ixv'el  of  the  process 
is  required:  an  industrial  reactor  subjected  to  a  trace  introduction  of  poison  is 
likely  to  reveal  transients  lasting  perhaps  several  days  so  that  a  purely  feed¬ 
back  control  system  ie  out  of  the  question.  It  is  the  purpose  of  this  paper  to 
present  a  model  for  the  reversible  independent  poisoning  of  a  porous  catalyst  by 
feed  stream  impurities  to  serve  as  a  basis  for  such  studies. 

THE  MATHEMATICAL  MODEL 


We  consider  the  poison  penetration  to  be  quite  independent  of  other  components 
in  the  reaction  system  there  being  no  competition  for  available  active  sites 
between  the  poison  and  reactant  and  product  species.  Rather  the  poison,  when 
adsorbed  on  the  catalyst  surface,  prevents  reactants  from  reaching  these  centers. 

A  poison  mass  balance  on  an  incremental  element  of  a  flat  slab  of  porous 
catalyst  yields: 


~52C  _  ^  C 

c>t  ^t 


(D 


With  the  assumption  that  the  gas  and  adsorbed  phase  concentrations  are  always 
in  equilibrium,  they  may  be  related  by  meanB  of  the  Langmuir  adsorption  isotherm 
as  follows: 


= 


C 


KC 


(2) 


C 


max 


1+KC 


In  practice  the  gas  phase  accumulation  term,  ^  ,  is  negligibly  small 

compared  with  that  in  the  adsorbed  phase  and  can  be  ignored. 

The  adsorbed  phase  accumulation  term,  ,  is  obtained  by  differentiating 
Eq  (2).  Substituting  for  this  in  Eq  (1)  yields  the  dimensionless  equation 


where 


Q  cr  i  "3 

^2  (1+KCjCy)2  'Z'l 

Cr  =  C/Ci 
$  -  x/R 
'll  »  DVr2e£ 

•va’c 


Boundary  conditions  fov  tko  introduction  of  poison  at  the  pellet  surface 
($  mO)  it  time  zero  are 


s 


0 


.2 


^  -  0  f  cr  - 

?  -  0  ,  Cr  -  1 

4  -  ° o  ,  Cr  -  0 

This  last  boundary  condition  requires  sons  explanation.  A  aors  sensible  way  of 
writing  it,  from  tha  physical  point  of  view,  would  be 

%  -  1  .  cr  -  0 

which  is  valid  only  for  snail  T  ,  before  any  appreciable  concentration  of  poison 
reached  the  center;  as  solutions  of  the  flat  slab  case  are  of  practical 
utility  at  snail  tines,  where  they  can  be  applied  to  all  pellet  geometries,  this 
is  not  unduly  restrictive.  Mathematically  the  two  alternatives  are  virtually 
identical  at  snail  'C  .  The  form  chosen,  however,  has  the  advantage  that  it  allows 
Bq  (3)  to  be  tackled  by  means  of  the  similarity  transformation 

q-4/t"i  (4) 

which  reduces  it  to  the  ordinary  differential  equation 

JL^C  q  J.C 

— + - TT1”0  (5) 

2(l+K0.Cr)  <Lq 

subject  to  „  *  o  ,  C  «  1 

'l  r 

q  =  oCi  ,  C  =0 

The  nature  of  the  poison  penetration  is  thus  influenced  solely_by  the  parameter  KC. ; 
the  real  time  scale  depends  on  the  system  constants  D,R,K  and  incorporated 

in  the  dimensionless  time  /C  . 

figure  (1)  shows  computer  soluxions  of  Eq  (5)  for  the  range  of  KC^  values  of 
practical  interest.  The  advantage  of  the  similarity  transformation  is  that,  although 
a  numerical  solution  is  eventually  resorted  tor  results  for  the  full  range  of  KCi 
values  can  be  expressed  as  a  single  family  of  curves;  computation  time  is  also 
greatly  reduced.  _ 

The  actual  poison  profiles  within  the  pellet  at  discrete  values  of  (-  are 
readily  obtained  from  figure  (1)  by  making  use  of  the  relationships  of  Eqs  (2) 
and  (4).  figures  (2)  and  (3)  show  the  poison  concentration  profiles  in  the  gas 
phase  and  adsorbed  phase  respec  '  vely  for  KCi  equal  to  1 . 

The  ordinate  of  figure  (3)  provides  a  direct  measure  of  the  fraction  of 
catalyst  surface, «.  ,  blocked  by  poison.  In  the  steady  state  this  is  given  by 
KC  /(1+KC, );  so  that  the  catalyst  can  retain  considerable  activity  in  the  presences 
of^a  reversible  poison  for  small  values  of  KC., , 


LIMITING  VALDES  Of  KCi 


KC.  LARGE,  figure  (4)  illustrates  how  the  penetration  is  affected  by  the 
parameter  KC, .  for  KC,  larger  than  about  10  the  poison  advance  approaches  that  of 
a  step  and  pore-maAh  penetration  can  be  assumed  without  significant  error.  This 
follows  from  a  consideration  of  Eq  (2):  ax  the  outer  regions  of  the  pellet,  where 
CoC.,  *  approaches  unity;  it  is  these.almost  totally  poisoned  regions  that  will 
most  affect  th-  catalyst  performance.  This  means  that  solutions  of  irreversible 
pore— mouth  poisoning  problems  (for  example  those  of  SADA  and  WEN  £2^  on  selectivity 
in  double  reaction  systems)  can  be  applied  in  this  case. 

SMALL.  The  linearised  version  of  Eq  (3)  which  applies  for 

KCt  «  1 

has  been  considered  by  GIOIA  [3]  -It  ie 


3  c 

~7JT  m  (6) 

which  represents  purely  diffusional  transport  of  poison  governed  by  a  pseudo 
diffusivity  given  by 


(7) 
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which  in  praotic#  is  vary  ouch  a waller  that  D.  Tha  solution  of  Eq  (6),  subject  to 
tha  aaaa  boundary  conditions  as  for  Eq  (3)»  i» 

Cr  -  arfo  (  ^=r  )  (8) 

which  agrees  with  tho  nuaerical  solution  shown  in  Figure  (1)  for  EC  <.1 

Figure  (1)  also  indicates  that  this  analytical  solutior  can  be  used  as  a 
reasonable  approximation  for  EC1  values  up  to  about  1. 

SPHERICAL  PELLETS 


Ve  hare  obtained  solutions  to  the  general  model  (Eq  (1)  )  valid  for  all 
geometries  at  small  'C  .  For  all  but  small  values  cf  EC. ,  solutions  at  larger 
values  are  of  little  practical  importance  because  of  the  large  drop  in  catalyst 
activity  that  would  then  obtain.  However,  for  systems  where  small  quantities  of 
a  reversible  poison  are  introduced  to  adjust  selectivity,  the  long  time  poisen 
concentration  response  is  of  some  interest;  and  of  particuler  interest  is  the 
time  required  to  reach  a  new  steady  state. 

We  consider  therefore  finite  spherical  pellets  and  small  values  of  EC^.  The 
model  equation  for  this  situation  is  given  by: 


3‘c 


subject  to 


3? 


2 


QC 
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*  *4 


C_  =  1 
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*4 


Eq  (9)  can  be  readily  solved  by  means  of  the  Laplace  transform.  The  transfer 
function  solution  is  given  by 


Sinh  J s(1-%)2 
(1-  ?)  Sinh  fn 
and  the  time  domain  solution  for  the  step  input  by 


Cr  (s)  = 


(10) 


°r  =  (“1)D  ijg T^~  ’  (1  "  •*P<**2'n'2'C  >  >  <"> 

To  get  an  idea  of  the  time  required  to  reach  the  Bteady  state  it  is  not 
necessary  to  compute  Eq  (11).  The  average  response  time  can  be  obtained  from  the 
transfer  function  (Eq(lO)  )  by  the  well  known  technique  of  differentiating  with 
respect  to  s  and  setting  s  equal  to  zero.  This  gives  the  mean  response  time  to  be 


't  (mean) 


4-  (2-5> 


(12) 


Eq  (12)  tells  us  that  the  pellet  surface  (£  =0)  instantaneously  reaches  the 
concentration  of  the  surroundings,  and  that  at  the  centre  the  mean  response  occurs 
at'P  -  1/6. 

For  practical  purposes  -She  steady  state  can  be  said  to  have  been  reached  at 
about  three  times  the  mean  response  time  at  the  pellet  centre.  So  that 

/C  (steady  state)  —  0.5  (13) 


APPLICATION  TO  ISOTHERMAL  SYSTEMS 


One  of  the  basic  postulates  of  the  proposed  model  ie  that  the  poison  penetration 
is  unaffected  by  the  presences  of  other  reaction  components.  This  has  enabled  the 
equations  for  poison  penetration  to  be  derived  independently  of  the  ehemioal 
reactions  taking  place  within  the  catalyst  pellet.  We  now  consider  briefly  the 
application  of  the  model  to  isothermal  reaction  systems. 

For  an  incremental  length  of  catalyst  pellet  the  following  material  balance 
can  be  written  for  each  component  in  the  reaotion  system. 


N 
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Net  Bate  of  Net  Rate  of  Net  rate  of  Net  rate  of 

entry  by  -  disappearance  -  accumulation  +  entry  by  *  0 
diffusion  by  reaction  convection 

The  convection  term  can  usually  be  ignored  except  where  large  volume  changes 
accompany  the  reactione.  The  accumulation  term  is  included  because  the  poisoning 
process  is  essentially  an  unsteady  state  phenomenon.  However,  as  the  rate  of 
change  of  catalyst  activity  may  be  generally  regarded  as  low,  it  is  reasonable  to 
ignor  reaction  transients  in  the  component  mass  balances.  Ve  are  left,  therefore, 
with  the  first  two  terms  of  the  proceeding  mass  balance  for  each  reaction 
component;  it  remains  to  solve  these  equations  at  discrete 'C  values  to  determine 
how  the  catalyst  performance  varies  with  poisoning  time.  A  specific  example  will 
make  this  clear. 

Consider  the  first  order  isothermal  scheme 


B  X 


taking  place  in  spherical  catalyst  pellets  and  in  which  only  the  reaction  B  C  is 
affected  by  a  reversible  poison  suddenly  included  in  the  feed  stream.  In  view  of 
the  proceeding  discussion  a  dimensionless  material  balance  on  component  B  may  be 
written  „ 

ac  2  dC  D 

- +  ~ - t  *  —  K  C»  -  0-*)^,  =  0  (14) 


where  the  Thiele  modulus  is  given  by 


ki  ao 


Similar  equations  may  be  written  for  components  A  and  C. 

crt,  is  the  fraction  of  surface  area  poisoned  and  is  a  function  of  both  ^  and 
the  poisoning  time  T  •  Functional  and  numerical  forms  for  <A  at  discrete  values 
of  T  have  been  derived  in  the  preceding  section  so  that  the  equations  cm  be 
readly  solved  by  computer  methods  to  yield  the  catalyst  activity  and  selectivity 
as  functions  of  T  . 

For  this  example  these  may  be  defined  as: 

d  CA 

Activity  »  D.  ■  -r  y-  ■  (15) 


which  provides  a  direct  measure  of  the  rate  of  consumption  of  reactant  A  and 


Selectivity 


05  dTlUo 

dC„| 


which  measures  the  relative  rate  of  production  of  B  to  C. 

Clearly  the  activity  is  unaffected  by  the  poisoning  of  the  second  reaction; 
the  selectivity  however  increases  with  poisoning  time  reaching  a  maximum  when  the 
steady  state  is  attained.  For  a  more  complicated  reaction  scheme  (for  instance  one 
consisting  of  a  number  of  reactions  of  the  type  considered  above)  the  performance 
criteria  may  not  be  oapable  of  such  compact  expression  as  in  Eqs  (15)  or  (16)  but 
once  they  are  defined  the  basic  computation  required  remains  essentially  the  same, 

EXPERIMENTAL 


The  system  studied  experimentally  was  that  of  ethylene  hydrogenation  on  a 
copper-magnesia  catalyst, 

°2H4  +  H2  ~ ^  C2H6 

Under  the  experimental  conditions  maintained  this  reaction  nay  be  safely 
assumed  to  be  first  order  in  hydrogen  [  4 3  .  Water  vapour  was  us  id  as  the  reversible 
poison. 

The  reader  is  refered  to  the  paper  by  OIOIA  [  5 j  for  details  of  the  experimental 


method  and  of  the  evaluation  of  the  results.  Briefly,  two  eeriee  of  kinetic 
experiments  were  carried  out  in  a  differential  reactor;  both  consisted  of  the 
sudden  introduction  of  poison  into  the  feed  stream  and  the  measurement  of  the 
subsequent  decrease  in  conversion  as  a  function  of  time. 

for  the  first  series  of  runs  the  catalyst  waa  in  the  form  of  a  powder  of 
sufficiently  small  particle  size  to  effectively  eliminate  diffusional  resistances: 
the  gas  phase  concentrations  of  all  components  (including  the  poison)  within  the 
catalyst  grains  were  substantially  the  same  as  those  in  the  surrounding  gas. 

These  runs  showed  the  poison  adsorption  to  be  very  rapid  (an  important  finding 
as  the  proposed  model  implicitly  postulates  instantaneous  adsorption),  and  enabled 
the  Langmuir  parameter,  K,  to  be  calculated. 

The  second  series  of  runs  was  carried  out  with  larger  catalyst  parti-’les. 
However  experimental  conditions  were  arranged  to  ensure  that  the  Thiele  modulus, ( 
(defined  after  Bq  (14)  )  was  much  smaller  than  1.  This  excludes  the  possibility  of 
diffusional  effects  for  the  reactants  so  that,  in  the  absence  of  poison,  all 
elements  of  the  catalyst  surface  contribute  equally  to  the  reaction  process;  and 
in  the  presence  of  poison  the  reactor  conversion  is  directly  proportional  to  the 
fraction  of  catalyst  surface  unpoisoned. 

Under  tnese  conditions  the  suitability  of  the  model  can  be  easily  checked. 

The  total  fraction  of  area  poisoned,  ©tT,  at  any  time,  ^  ,  is  obtained  from  the 
integration  of  the  relevant  adsorbed  poison  concentration  profiles  (for  example 
those  shown  in  Figure  4  for'C  =  0.1). 

Figure  5  shows  these  integrated  forms  of  the  poison  penetration  for  values  of 
Tup  to  0.1;  for  high  values  of  KC.  these  curves  are  not  valid  for  T  values  large 
enough  to  result  in  appreciable  poison  concentration  in  the  centre  of  the  pellet 
and  are  consequently  terminated  at  the  point  corresponding  to  a  value  of  Cr  equal 
to  0.1  at  ^  equal  to  unity. 

The  values  of  c*T  obtained  experimentally  from  the  conversion  data  are  shown 
plotted  against  those  predicted  by  the  model  in  Figure  6  for  T  equal  to  0.025; 
this  corresponded  to  real  times  covering  a  range  from  28  to  130  minutes.  KC^  values 
ranged  from  1  to  19* 

The  results  shown  in  Figure  6  are  really  quite  good  when  one  considers  the  many 
uncertainties  in  the  interpretation  of  the  experimental  findings.  These  are 
discussed  in  reference  [  5^3  and  include  the  correction  for  non-isothermal  effects, 
the  evaluation  of  the  effective  diffusivity,  D,  and  the  assumption  of  monolayer 
adsorption  used  for  the  estimation  of 

DISCUSSION 

The  most  questionable  assumption  in  the  derivation  of  the  poison  penetration 
equations  is  that  of  independence.  Deactivation  by  poison  adsorption  is  discussed 
by  Innes^6l  who  describes  two  mechanisms  both  of  which  have  been  advocated  by  a 
number  of  workers.  Although  the  distinction  is  somewhat  vague  the  first  mechanism 
stresses  reaction  between  the  poison  and  active  centers  whereas  the  second  considers 
a  leas  direct  interference,  the  number  of  free  electrons,  unpaired  electrons  or 
reaction  sites  being  in  some  way  affected  by  the  presences  of  adsorbed  poison 
molecules.  The  first  mechanism  suggests  a  direct  competition  between  the  poison 
and  reaction  components  while  the  second  lends  itself  more  plausibly  to  the 
interpretation  of  independent  poisoning  considered  in  this  paper. 

Typical  poisoning  curves  quoted  in  the  literature  t  ll  are  in  qualitative 
agreement  with  the  proposer  model  and  suggest  the  assumption  of  independence  to  be 
valid  for  many  systems.  They  show  the  relationship  between  the  steadj  state  catalyst 
activity  (proportional  to  the  fraction  of  oatalyst  surface  unpoised)  and  poison 
concentration  to  be  linear  at  low  concentrations  (ie.  at  low  KC.  values);  for 
higher  concentrations  the  activity  decreases  more  slowly  as  indicated  by  the 
Langmuir  isotherm.  The  initial  linear  portion  of  these  curves  is  strongly  indicative 
of  independence:  if  there  were  competition  between  the  poison  and  reaction  compo¬ 
nents  for  available  active  sites  the  KC^  term  would  appear  in  the  denominator  of 
the  reaction  rate  expression  regardless  of  ths  controlling  mechani sm £  7^  ;  the 
oatalyst  activity  would  therefore  decrease  with  inoreasing  KC^  but  not  linearly  ae 
generally  found  in  practice. 

When  there  are  temperature  differences  between  the  catalyst  particles  and  the 
surrounding  gas  stream  the  effect  of  poisoning  is  likely  to  be  far  greater  than 
for  the  isothermal  schemes  considered  above.  For  exothermic  reactions  the  immediate 
effect  of  the  poison  will  bo  to  reduoe  the  overt empersture  with  the  consequence  of 
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an  exponentially  amplified  drop  in  the  reaction  rate;  a  point  will  be  reached, 
however,  when  the  overtemperature  becomes  negligibly  small  making  applicable  the 
assumption  of  isothermal  operation  to  the  final  stages  of  the  deactivation  curves. 
This  was  the  case  for  the  experiments  reported  in  this  paper  and  considered  in  more 
detail  in  reference  [ 5l  . 

Temperature  effects  could  also  be  expected  to  invalidate  the  assumption  of 
independent  poisoning,  the  Langmuir  constant  bearing  an  Arrhenius  relationship  with 
temperature.  However  available  evidence  suggests  the  effect  of  temperature  on  the 
fraction  of  catalyst  surface  poisoned  to  be  generally  small.  Maxtedfl"]  ,  for 
example,  found  that  a  temperature  rise  sufficient  to  produce  a  fivefold  increase 
in  the  rate  of  hydrogenation  on  a  platinum  catalyst,  made  no  significant  difference 
to  the  poisoning  effect  of  thiophene. 

For  large  values  of  KC.  this  low  temperature  dependence  is  to  be  expected  from 
the  form  of  Eq  (2).  And  for  small  KC.  values,  where  Eq  (2)  indicates  a  linear 
dependence  of  area  poisoned  with  the1Langmuir  constant  K,  adsorption  will  be  less 
than  mono-layer  with  consequentally  low  energies  of  activation. 
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NOTATION 

a 

0 

Catalyst  surface  area  available  for  reaction 

2 

cm  /cm 

C 

gas  phase  poison  concentration 

gmols/cm 

c 

adsorbed  phase  poison  concentration 

gmols/cm 

c 

max 

maximum  adsorbed  phase  poison  concentration 

gmols/cm 

Ci 

gas  phase  poison  concentration  at  pellet  surface 

gmols/cm 

Cr 

C/C. 

Col 

Cr(s) 

transfer  function  solution  of  poison  penetration 

Co] 

CA' 

CB 

concentrations  of  components  A,  B 

gmols/cm 

D 

effective  diffusivity  of  poison 

2 

cm  /sec 

D 

p 

pseudo  diffusivity  of  poison  defined  by  Eq  (7) 

2/ 

cm  /sec 

V 

db 

effective  diffusivities  of  components  A  and  B 

2 

cm  /sec 

K 

Langmuir  constant 

cmVffaol 

kA’ 

“b 

reaction  velocity  constants 

cm/sec 

q 

defined  by  Eq  (4) 

Co] 

R 

catalyst  pellet  half  dimension 

cm 

9 

Laplace  variable 

sec'1 

t 

time 

sec 

X 

distance  into  pellet 

cm 

«* 

fraction  of  catalyst  surface  poisoned  (point  value) 

Co] 

total  fraction  of  catalyst  surface  poisoned 

Col 

0 

Thiele  modulus.  Defined  after  Eq  (14) 

[o] 

£ 

dimensionless  time.  Defined  after  Eq  ('>) 

[0] 

? 

dimensionless  distance.  Defined  after  Ei?  (3/ 

Col 
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Figure  5  Overall  fraction  of  surface  area  poisoned  a,  a  function  of  %  . 


Figure  6  Comparison  of  model  predictions  with  experimental  resulte  for  T  equal 
to  0,025 


thermionic  emission  of  electrons 

m  THE  WESENCE  OF  AOSCRBED 
GASES 


by 


T.  M.  Rsge  ml  J.  I.  Wright 


Uve  University  of  Aston  in  Birsdn^ham 


Gcsta  GTeen, 
Birncngharo  4, 
Eh  gland. 


SUtfrlAKY 


Many  of  the  gaseous  products  of  ccrbusticr  are  adsorbed  on  surfaces ,  even  at  temperatures  above 
lSOCTk  and  these  adsorbed  layers  strongly  affect  thermionic  emission  of  electrons.  The  ionisation 
of  solid  particles  in  flames  is  therefore  not  to  be  compared  directly  with  ionisation  in  vacuo. 
Experimental  work  on  the  systems  CO/W,  02/Pt  and  SOj/Pt  is  presented  and  analysed  in  terms  of  the 
heat  of  adsorption  of  the  gas;  and  of  the  kinetics  of  adsorption.  In  all  these  systene  there  is  a 
large  rise  in  the  thermionic  work  function.  Certain  s'/stems  particularly  those  involving  highly 
unsaturated  organic  materials,  analogous  t~  soot,  have  the  opposite  effect  and  lower  the  work  func¬ 
tion  with  a  consequent  large  increase  in  the  emission  of  electrons.  Same  observations  on  these 
Bystems  are  discussed  and  their  consequences  at  low  temperatures  considered. 


7-1 


The  general  understanding  of  ionisation  in  flames  has  been  developed  from  a  simple  equilibrium 
description'1'  based  cn  the  Saha'2'  equation,  throu^i  the  modification  of  such  a  description  by 
including  interaction  with  the  flame  gases'3' ,  to  a  kinetic  description  of  both  natural  ionisation 
and  the  ionisation  of  additives  through  the  work  of  Calcote,  Sugden  and  Williams  and  their  colla¬ 
borators.  The  technology  of  fuels  has,  however,  advanced  more  rapidly  than  the  laboratory  studies, 
and  consideration  must  now  be  given  to  the  effects  of  solid  particd.es  on  the  levels  of  ionisation 
in  flames,  both  to  explore  the  possibility  of  increasing  this  level  for  purposes  of  ffJD  generation, 
or  as  an  unwanted  source  of  radio  attenuation  in  other. fields.  The  earliest  description  of  the 
effect  of  solid  particles  was  due  to  Sugden  &  Thrush'4'  who  put  forward  the  relation 

2(2JtakT)3/2 

ne  =  - pp -  exp  (  -{x  ♦  nee2/Na)/kT) 

This  has  been  modified  by  Einbinder^,  F.T.  Smith  and  Soo  &  Dimich^  but  the  modifica¬ 
tions  are  of  importance  only  for  small  particles  and  heavy  io'  isations'8'.  The  crucial  point  in 
equation  (1)  is  the  exponential  dependence  on  the  work  function. 

Work  functions  have  usually  been  determined  under  high  vacuum  conditions  and  the  importance 
of  using  very  clean  surfaces  was  realised  at  a  very  early  stage.  Kingdom'9'  demonstrated  that  the 
work  function  of  tungsten  (4.54  eV,  437  kj)  was  raised  to  approximately  twice  this  value  when  the 
measurements  were  carried  out  in  the  presence  of  0.1  him'2  of  oxygen.  This  result  has  been  quanti¬ 
tatively  reproduced  in  these  laboratories'11')  .  and  it  has  also  been  shown  that  other  strongly 
adsorbed  materials  such  as  tetracyar.oethylene^11'  or  acetylene'12'  nay  lower  the  work  function  by 
100  kJ.  The  origin  of  these  changes  will  be  discussed  later,  far  the  present  it  is  enough  to  note 
that  they  do  occur,  and  that  therefore  any  attempts  to  describe  phenomena  at  atmospheric  pressure 
must  take  such  changes  into  account.  A  change  in  work  function  of  1  ev  (100  kj)  at  a  temperature 
of  1500°K  carrespcnds  to  a  change  of  1000  in  the  current  density,  so  that  the  use  of  clean  surface 
work  functions  could  be  misleading  in  the  extreme. 

E.  R.  Miller^135  has  studied  a  variety  of  solid  particles  ir  flames,  using  a  Langjmiir/Willian414^ 
rotating  probe.  As  such  a  probe  is  swept  through  a  flame  where  there  is  gaseous  ionisation ,  a 
smoothly  profiled  response  is  found,  but  if  the  flame  contains  solid  particles  as  well,  the  smooth 
profile  is  lost,  and  a  spiky  response  is  found.  The  heights  of  the  spikes  are  a  function  of  the 
solid  material  and  of  the  temperature  of  the  flame,  and  Miller  described  his  results  in  terms  of 
the  following  model: 

A  single  particle  in  the  flame  will  be  at  or  near  the  temperature  of  the  flame  aid  will  there¬ 
fore  lose  (or  gain)  electrons  until  it  is  in  equilibrium  with  the  local  concentration  of  electrons. 

In  so  doing,  it  will  of  necessity  become  charged  and  the  loss  of  electrons  will  ra-  idly  cease. 

The  cold  probe  in  passing  through  the  flame  can  act  only  as  a  current  collector,  and  the  response 
will  be  limited  by  the  plasma  density.  If  however  the  cold  probe  passes  sufficiently  near  to  the 
hot  particle  to  interact  with  it,  the  combination  is  equivalent  to  an  emitting  probe,  and  the  res¬ 
ponse  is  governed  by  the  temperature  and  work  function  of  the  system.  A  steady  state  response  is  not 
obtained,  because  the  particle  is  rapidly  cooled  by  the  massive  probe,  but  a  ballistic  response 
yields  the  typical  spike.  Miller  was  able  to  evaluate  the  work  function  of  various  materials  by  a 
statistical  survey  of  the  spike  heights  with  the  following  results  (Table  1). 


Table  1 

Material 

Observed  Weak  Function 

Literature  v 

(eV) 

(eV) 

Carbon 

1.5 

3.93 

Tungsten  carbide 

2.1 

3.60 

Lanthanum  Hexaboride 

2.2 

2.66 

Barium  oxide 

(0.60  Low  temp. 

1  RR 

(1.95  High  temp. 

1  •  vO 

apparent  that  even  allowing  f c"  tie  crudeness  of  the 

experiment. 

tterrpt  to  use  the  literature  values  to  account  quantitatively  for 

RAISED  WORK  FUNCTIONS 


In  considering  the  origin  of  these  changes  in  work  function  consequent  upon  adsorption,  two  die- 
tin  -  factors  must  be  separatee*  -  the  actual  change  under  an  absorbed  layer  anl  the  change  in  the 
amount  of  the  adsorbed  lay*'  .  .  t  is  carmen lv  found  that  the  surface  potential  of  a  claan  surface 
is  about  1  volt  for  that  of  a  surface  covered  with  an  adsorbed  layer.  As  already  pointed  out,  this 
potential  difference  will  correspond  to  a  factor  of  1000  in  the  current  density  and  therefore  the 
electron  emission  will  be  dominated  by  the  surface  of  lower  work  function  unless  it  represents  less 
than  10" 1  of  the  whole  surface.  If  the  fraction  of  surface  covered  is  temperature  dependent  through 
absorption,  such  dependence  will  be  added  to  the  work  function  when  determined  thermicnically  thus 
accounting  far  the  observation  of  Klngdon. 


It  is  generally  accepted  that  the  presence  of  an  adsorbed  film  on  a  metal  $ua»faoa  will  produce 
an  electrical  double  layer,  and  that  the  effect  of  this  double  layer  will  be  to  produce  a  surface 
potential  which  will  modify  the  work  function.  The  various  theories  and  experimental  data  are 
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discussed  by  Kaminskey  Burshtein  and  Mignolet  while  Gomer  1  and  Ehrlich  ^  have  demon¬ 
strated  the  effect  of  adsorption  on  field  emission.  For  the  purpose  of  the  present  discussion  the 
finer  details  of  this  surface  potential  and  the  variation  with  degree  of  surface  coverage ,  nay  be 
neglected  and  the  simplifying  assumption  made  that  the  work  function  x0  of  the  clean  surface  is 
increased  by  an  amount  &x  by  covering  with  an  adsorbed  layer. 

The  current  density  for  either  surface  will  be  given  by  Richardson's  equation. 

je  *  BT2  exp  <-x/FT)  (2) 

If  i  fraction  0  of  surface  is  covered  by  an  adsorbed  film,  not  necessarily  continuous;  but  com¬ 
posed  of  particles  whose  dimensions  are  comparable  to  the  distance  of  the  Schottky  barrier,  then  the 
current  density  will  be  given  by 

je  =  Bo  T*(l  -  6)  exp  (-x0/RT)  ♦  Bi  T*e  exp  (-<xQ  +  AX)/RT)  (3) 

The  mean  thermionic  work  functions  is  defined  by 

5  8  -  (4) 

If,  furthermore,  the  fraction  of  the  total  current  derived  from  the  ith  patch  iB  defined  as 
differentiation  of  equation  3  and  substitution  in  equation  (4)  yields  for  the  general  case  x 

x  =  l  *£X£  +  l  d  In  e./dT  (5) 


Under  conditions  vhere  the  degree  of  surface  coverage  varies  slowly  with  the  tenperature ,  the 
last  term  in  equation  (4)  nay  be  neglected  and  the  mean  thermionic  work  function  then  becomes 

*m  8  l  *i*i  (6) 


This  is  not  identical,  with  the  mean  work  function  derived  from  contact  potential  measurements , 
vhere  the  weighting  factor  is  the  fraction  of  surface  covered,  not  the  current  derived  for  the  sur¬ 
face 

*p  *  l  Vi  (7) 

Farragher  has  developed  this  approach  to  the  thermionic  emission  for  covered  surfaces  and  has 
incorporated  a  simple  Iangnuir  expression  far  the  fraction  of  surface  covered.  The  resultant  express¬ 
ion  fo.  the  total  current  density  is 

3t  5  Hhr  (-<Xo*V/Rri  (8) 

p 

vhere  the  pressure  exponent  x  and  temperature  exp,  tent  n  depend  cn  the  type  of  adsorption ,  find  x_ 
and  q_  are  the  work  function  of  the  clean  surface  and  heat  of  adsorption  at  zero  coverage  respectively. 
He  has  studied  a  number  of  systems  with  the  following  results 

TABLE  2 


System 

N0j/W 

NO/W 

CO/W 

0j/W 

02/Ir 

02/Pt 

1°K 

1792 

1788 

1640 

1750 

1610 

1800 

1590 

1500 

(o  ♦  nPT)' 
^  <kJ) 

464 

246 

552 

222 

492 

410 

306 

294 

X 

0.5 

0.5 

1.0 

0.5 

1.0 

0.5 

0.5 

0.5 

These  values  for  the  heat  of  adsorption  are  upper  limits,  and  must  be  reduced  by  approximately 
80  kj  to  obtain  the. values  at  normal  surface  coverage.  The  moet  reliable  measurement  in  these  systems 
is  that  of  Redhead1'*'  cn  the  system  CO/W.  His  value  for  the  heat  of  adsorption  o*  375  kJ  is  so 

close  to  the  corrected  value  for  this  work  as  to  suggest  that  the  model  is  correct.  For  many  simple 

systems  wine  re  the  effect  of  adsorption  of  gas  is  to  raise  the  work  function  of  tine  surface ,  the 
thermionic  current  density  any  be  predicted  from  a  consideration  of  the  propertieu  of  the  clean  sur¬ 
face  and  of  the  degree  of  surface  coverage- 

LOWERED  WOPX  FUNCTIONS 

Certain  vapours,  notably  acetylene* 17 ^  end  tetrecyanoethylene*115  have  the  opposite  efftet  to 
that  just  described  in  that  the  thermionic  work  functions  are  lowered  by  about  1  volt.  Surface 

potential  studies  have  not  been  made  on  these  system  so  that  it  is  not  possible  to  say  how  great  a 

portion  of  the  observed  change  is  due  to  electrostatic  effects  and  hew  etch  to  adsorption,  but  it  is 
apparent  from  the  geometry  of  the  current-temperature  graphs  that  there  suet  be  an  effect  other  than 
an  the  work  function  if  the  clean  and  oowzed  surface  current  densities  are  to  be  oanpsieble  in  mag¬ 
nitude.  Such  an  alternative  effect  it  to  be  found  in  the  trmadssicn  coefficient  for  electrons 
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across  the  barrier  field. 

The  phenomenon  of  electron  emission  from  one  of  the  moet  widely  studied  systems,  a  tantalum  sur¬ 
face  in  the  presence  of  tetracyanoethylene ,  is  illustrated  in  Figure  1.  Generally,  two  lines  are 
obtained,  one  (A)  being  tile  current  density  obtained  from  a  clean  surface  and  the  other  (B),  slightly 
higher  and  with  a  lower  slope,  being  the  current  density  in  the  presenoe  of  tetracyanoethylene.  At 
a  given  pressure  of  tetracyanoethylene,  the  measurements  starting  from  a  low  temperature  would  follow 
line  B  until  a  well  defined  transition  to  line  A  occurred.  This  transition  was  completely  reproducible 
and  reversible,  measurements  extending  well  above  and  below  the  transition  point.  It  was  frequently 
possible  to  make  several  measurements  in  the  region  between  the  lines,  thus  defining  the  transition 
clearly. 

The  point  at  which  the  transition  occurred  was  a  functicn  of  the  pressure  of  vapour,  being  at 
higher  temperatures  far  higher  pressures,  and  was  clearly  a  function  of  the  adsorption  process.  The 
difference  in  slopes  of  the  lines  was  about  90  kJ,  which  was  disproportionately  greater  than  their 
actual  separation,  so  that  the  pre-expcnential  factor  for  the  covered  surface  must  be  much  less  thar 
that  of  the  clean  surface.  Fowler^;  has  given  an  expression  for  the  alteration  in  the  transmission 
coefficient  which  is  applicable  to  this  phenomenon. 

,X-  -  *X  1,  1 

a  -  4  {_2 -  }  exp  (  -  4zl  (Ax>J/3)  (9) 

*o 

when  a  is  the  ratio  of  the  transmission  coefficient,  Ax  the  lowering  of  the  work  functicn,  1  the  thick¬ 
ness  of  the  barrier  and  z2  :  8«2n^/h2. 

In  applying  this  result,  equation  (3)  is  used  in  the  form 

}c  *  dcBA6T2  exp  (-  (x0  -  Ax>/FT) 
jo  --  d0BAT2  exp  (-  x0/W) 
whereas  log  (jc/jQ)  =  log  (dc0/dQ)  +  Ax/W 

or  RT  log  <jc/j0)  =  KT  log  +  Ax  (10) 

As  Figure  2  shows,  Ax  and  aO  may  readily  be  evaluated,  with  the  result,  under  moet  conditions, 
that  o6  is  of  the  order  of  0.03  but  that  for  certain  carefully  prepared  surfaces  it  could  be  as  high 
as  0.1.  A  reasonable  estimate  of  the  barrier  thickness  would  encompass  the  first  layer  of  atoms  in 
the  met.il,  together  with  the  adsorbed  molecule,  and  a  sunmation  of  the  appropriate  radii  gives  values 
4.4  -  5.5  8  for  1  depending  on  the  model  used.  Tile  value  of  5.3  A  has  been  chosen  to  evaluate  a 
from  Fourier's  result,  since  this  rakes  0  =  1  for  the  special  surfaces  and  is  within  the  range  estimated. 
As  will  be  seen  far  table  3,  the  other  surfaces  all  suggest  a  value  of  about  0.3  far  0,  the  fraction 
of  surface  covered 


Filament 

IVessure 

TABLE  3 

AX 

aO 

Ta 

1.3  x  10” 3  NnfJ 

49  kJ 

9.3  x  in”2 

Ta 

6.5  x  10”2  Nm~J 

92  kJ 

3.3  x  IP"2 

WC 

1.3  x  10”2  Mrf  2 

94  kJ 

1.1  X  IP"1 

MoC 

1.5  x  10”2  Nm”2 

28  kJ 

3.3  x  10”z 

TaC 

1.5  x  Hf*  Nif2 

58  kJ 

6.6  x  10"2 

This  value  is  entirely  reasonable,  since  for  an  iirwobile  film  any  space  between  adjacent  mole¬ 
cules  will  be  inaccessible  if  it  is  of  smaller  dimensions  than  the  moleculv  For  diatomic  species 
this  is  only  of  marginal  importance,  but  for  tetracyanoethylene  which  can  occupy  30  (5  x  6)  sites  it 
is  significant.  Such  an  extended  molecule  will  on  average  be  surrounded  by  a  clear  space  of  he)f  its 
diameter,  end  the  upper  limit  far  coverage  will  therefore  be  0.25  in  reasonable  agreement  with  observa¬ 
tion.  The  specially  oerditicned  surface  of  txngsten  carbide  is  then  attributable  to  the  formation 
of  a  highly  mobile  film  in  which  cloea  packing  can  occur. 

KINETIC  EFFECTS 

The  results,  and  theoretical  approach  outlined  so  far  are  applicable  to  what  are  essentially 
static  conditions,  ’.he  final  state  wat  reached  rapidly,  usually  too  fast  to  see  any  intermediate 
stage,  and  the  results  appeared  to  be  reversible.  In  the  analysis  of  the  results,  it  is  assured  that 
everything  is  at  a  iteedy  state.  By  contrast,  electron  emission  from  many  surfaces  in  the  presence 
of  sulphur  ocepcunds  shows  a  strongly  time -dependent  effect  (Figure  3). 

At  tanperatiaas  below  JS5cPk  electron  emission  from  a  platinun  surface  is  not  particularly  depen¬ 
dent  on  the  pressure  of  sulphur  oonpcund  (sulphur  dicmide  has  been  used  far  most  of  the  work  though 
the  sane  results  have  been  obtained  with  SOj ,  CSj  sulphur  vapour).  Above  this  teaperature,  there 
is  a  slow  fall  in  the  electron  amission  over  a  considerable  period  of  time  followed  by  a  catastrophic 
drop  over  a  very  Short  tise.  The  actual  time  scale  involved  depended  on  the  sample  of  iretal  and  on 
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its  history  hut  typically  the  slow  fall  corresponded  to  a  drop  to  ere  half  of  the  electron  current 
and  occupied  90%  of  the  ti  e ,  -Mil  the  catastropy  reduced  the  electron  current  by  a  factor  of  103 
in  -the  refraining  10%. 

It  was  found  possible  to  fit  these  curves  empirically  by  an  expression  of  the  form 
j  ~  =  1  -  exp  (ktn)  (11) 


where  t  is  the  time  and  n  is  an  exponent  between  2  ;nd  3. 

In  searching  for  a  theoretical  basis  for  this  empirical  expression,  certain  facts  were  noted. 
Firstly,  although  a  very  slow  evaporation  of  the  platinum  occurred,  it  was  too  slow  to  be  attributed 
to  the  intermediate  formation  of  massive  platinum  sulphide.  Ch  the  other  hand,  very  significant 
thermal  etching  had  occurred  during  a  run.  Secondly,  although  the  fall  in  electron  emission  could  be 
completely  reversed  by  pumping  off  the  sulphur  dioxide,  and  the  emission  restored  to  its  original 
value,  subsequent  runs  using  the  same  filament  showed  the  sane  general  behaviour,  but  with  a  progress¬ 
ively  increasing  time  scale.  Thirdly,  the  adsorption  cf  sulphur  dioxide  on  platinum  has  been  studied 
extensively  and  there  appears  to  be  no  anomalies .  As  a  result  of  considering  these  facts,  a  hypothesis 
of  conditional  adsorption  is  advanced.  Under  this  hypothesis,  the  adsorption  of  sulphur  dioxide  as 
such  does  not  contribute  directly  to  the  loss  of  electron  emission,  end  is  at  a  steady  state  at  all 
temperatures .  Sulphur  atoms  can  however  be  adsorbed,  either  as  atoms  or  in  combination  and  reduce 
the  electron  emission,  but  such  adsorption  can  only  occur  at  suitable  sites,  which  are  associated 
with  a  particular  condition  of  the  platinum  surface ,  and  are  not  present  cn  a  normal  clean  surface . 

The  particular  surface  configuration  is  localised  as  a  patch,  and  these  patches  can  grew  in  size  in 
the  presence  of  sulphur.  In  order  that  they  can  start  to  grow,  nuclei,  or  patches  of  minimal  area 
mist  be  present.  Such  nuclei  may  be  present  at  the  start  of  a  nn,  or  may  be  created  during  a  run. 

When  the  sulphur  dioxide  is  pumped  out  of  the  system,  the  surface  reverts  to  the  clean  condition. 

(23) 

The  necessary  mathematics  to  develop  this  model  have  been  worked  out  by  Avrami  for  the  case 
of  nuclei  already  present,  and  by  fbissen^',  who  considered  the  chance  that  part  of  a  pool  would 
remain  undisturbed  by  the  ripples  spreading  during  a  shower  of  rain,  far  the  case  of  continuous  gen¬ 
eration  of  nuclei.  The  approach  of  Poisson  may  readily  be  extended  to  include  a  finite  nunber  of 
nuclei  present  initially. 

The  final  result  is  naturally  complex,  but  it  is  of  the  correct  form,  and  reduces  to  the  equation 
of  Avrami  and  Poisson  under  appropriate  conditions.  The  theory  of  A'rrari  predicts  an  exponent  in 
equation  (11)  of  2  while  that  of  Poisson,  one  of  3.  The  intermediate  values  found  empirically  reflect 
the  varying  importance  of  the  two  processes.  Generally,  successive  runs  not  only  show  an  increased 
time  scale,  but  also  are  fitted  to  higher  values  of  the  exponent  n.  This  is  support  for  the  model 
advanoed,  in  that  the  nuclei  present  initially  tend  to  be  c ensured  in  patch  prowth,  so  that  the 
initial  rate  is  there  fere  lower  in  successive  runs,  and  depends  more  cn  peneration  of  new  nuclei. 

CONCLUSION 


The  three  different  aspects  of  the  interaction  of  gases  with  surfaces  and  the  consequent  effect 
on  electron  emission  indicate  quite  clearly  the  many  difficulties  which  beset  any  attempt  to  predict 
such  emission  which  is  b<w>  d  solely  on  the  properties  of  clean  surfaces .  The  variations  which  are 
found  can  be  understood  in  terms  of  the  simple  kinetic  feature  of  adsorption  and  surface  change,  but 
the  prediction  of  the  variations  is  a  more  formidable  task,  (he  comment  which  may  rightly  be  made 
is  that  the  majority  of  the  work  described  herein  is  ccncemed  with  rather  exotic  systems.  While 
this  is  true,  the  complex  nature  of  the  problem  forces  attention  first  to  those  systems  which  show 
simple  and  markedly  dominant  features  which  are  amenable  to  experimental  investigation.  When  the 
general  nature  of  the  phenomena  have  been  made  clear,  they  may  be  then  studied  in  greater  detail  with 
mere  sophisticated  techniques,  arid  in  systems  where  several  of  the  phenomena  play  a  contributory  role. 
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SUMMARY 

Phase  boundary  reactions  often  determine  the  rate  of  interactions  of  nutals 
with  gases.  Adsorption  and  stepwise  dissoziation  of  the  gas  molecules  must 
occur  vefor*  the  nonmetal  atoms  f-~om  the  gas  phase  can  be  dissolved  in  the 
metal  or  can  react  with  the  metal. 

The  kir.v'.ics  of  the  surface  reactions  of  iron  and  other  metals  with 

CO^-CO  and  mixtures  have  been  studied  at  high 

temperatures. 

From  the  experimentally  determined  kinetics,  the  dependence  of  the  forward 
and  backward  reaction  rate  on  the  partial  pressures  or  activities  of  the 
reactants  and  reaction  products,  the  rate  determining  step  of  the  investigated 
reactions  could  be  detected.  The  rate  determining  step  can  also  be  found  out 
by  the  comparison  of  the  overall  reaction  rate  with  the  rate  of  an  appropriate 
isotope  exchange  reaction.  Depending  on  the  temperature  or  other  reaction  con¬ 
ditions  different  reaction  steps  can  act  as  the  rate  determining  step  of  a  reaction. 

From  the  knowledge  of  one  or  two  elementary  steps  the  mechanism  of  the  overall 
reaction  could  be  deduced  for  the  investigated  reactions  of  metals  with  gases. 

The  occurence  of  individual  elementary  steps  involving  intermediate  products 
such  as  adsorbed  atoms  or  radicals  was  proved. 
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AT  SUFFICIENT  HIGH  TEMPERATURES  equilibria  between  the  solid  phase  and  the  gas 
atmosphere  are  established,  if  a  gas  or  a  gas  mixture  is  passed  over  a  me+  il.  In 
equilibrium  the  activity  of  each  of  the  atomic  species,  of  which  the  gas  phase 
is  composed,  is  the  same  in  the  gas  atmosphere,  in  the  solid  and  at  the  surface 
of  the  solid.  Depending  cn  the  activity  of  A  and  chemical  affinity  to  the  metal 
either  a  solution  of  A  in  the  metal  and  an  adsorbed  layer  of  A  atoms  at  the  metal 
surface  is  established,  or  a  compound  is  formed. 

At  the  phase  boundary  adsorption  and  dissociation  of  the  gas  molecules  must  occur 
before  the  nonmetal  atoms  can  be  dissolved  or  can  react  with  the  metal.  In  most 
oases  the  dissociation  is  the  rate  determining  step  in  the  sequence  : 

a)  transport  of  the  molecules  to  the  surface  of  the  solid, 

b)  adsorption  at  the  surface, 

c)  diasoziation  of  the  adsorbed  molecule  and 

d)  entry  of  the  atoms  into  the  solid. 

In  the  following,  only  studies  will  be  discussed,  in  which  chemical  dissoziation 
reactions  at  metal  surfaces  were  rate  determining.  The  diffusion  process,  which 
establishes  the  equilibrium  in  the  bulk  phase,  will  not  be  considered. 

Typical  reactions  which  transfer  nonmetal  atoms  A  from  the  gas  phase  to  a  metal 
are  the  dissoziation  reactions  of  diatomic  molecules,  Og,  Hg,  N_, etc. 


a2 


2A  (adsorbed  and  dissolved) 


From  C02-C0  mixtures  both  0  and  C  can  be  transferred  to  a  metal.  Nonmetal  atoms 
A  also  can  be  transferred  to  a  metal  by  equilibration  with  gas  mixtures 
A  H  -  H.,  for  example  NH.  -  H„,  CH^  -  H,,  HgS  -  H2  and  H,0  -  H„.  In  thAse re¬ 
actions  a  stepwise  dehydrogenation  or  hydrogenation  (in  the  back  reaction)  of 
the  nonmetal  atom  A  must  occur  and  it  was  considered  very  interesting  to  detect 
the  separate  elementary  reaction  Steps. 

To  eliminate  rate  control  by  diffusion,  thin  film  techniques  cm  be  used.  Disso¬ 
lution  reactions  of  gases  in  metals  can  be  studied  with  thin  metal  foils.  This 
way  the  distances  are  small  enough  that  no  considerable  concentration  gradients 
occur.  The  mean  concentration  change  of  A  in  the  solid  and  thus  the  rate  of  the 
transfer  of  A  to  the  solid  can  be  measured. 

Relaxation  measurements  of  weight  or  resistance  are  very  convenient.  The  activity 
of  A  in  the  gas  phase  is  changed  abruptly  and  the  resulting  change  of  the  concen¬ 
tration  of  A  in  the  metal  from  its  initial  value  to  the  new  equilibrium  value  can 
be  observed  by  recording  the  change  in  the  weight  or  the  resistance  of  the  thin 
foil  used.  The  electrical  resistance  and  the  concentration  of  dissolved  A  are 
correlated  by  a  linear  relation.  The  principle  of  the  relaxation  method  is  shown 
in  fig.  1.  The  retardation  of  the  absorption  and  desorption  of  A  is  caused  by  the 
reaction  at  the  surface  of  the  thin  metal  foil. 

Another  means  for  the  measurement  of  surface  reaction  kinetics  is  the  study  of 
isotope  exchange  reactions.  These  reactions  can  be  studied  while  equilibrium  bet¬ 
ween  the  gas  and  the  solid  prevails. 


RESULTS 

REACTIONS  OF  THE  TYPE  AHX  **  x/2  ft,  ♦  A  (dissolved) 

A  relaxation  method  was  used  to  study  the  reaction 

NH^  N  (dissolved  in  oi-lron)  +  3/2  H2  (1) 

The  resistance  changes  produced  by  the  nitriding  of  thin  iron  foils  in  NH.-H„ 
mixtures  and  the  denitriding  in  H2  have  been  studied  in  a  flow  apparatus  i  L 
at  temperatures  between  300  °C  ana  600  °C  (1).  The  following  mechanism  is  assumed 
for  reaction  Eq  (1) 


NH3 

NHj 

(ads) 

nh3 

NH2 

(ads) 

(ads) 

+  H  (ads) 

nh2 

(ads ) 

*=*  NH 

(ads) 

+  H  (ads) 

NH 

(ads ) 

v*  H 

(ads) 

+  H  (ads) 

N 

(ads) 

5f—  N 

(dissolved) 

h? 

2H 

(ads) 

III 

II 

I 


With  some  reasonable  assumptions,  rate  laws  can  be  derived  for  the  case  that  one 
of  tne  dehydrogenation  and  hydrogenation  steps  I, II  or  III  is  rate  determining. 
The  NH .-formation  on  an  iron  foil  containing  nitrogen,  over  which  H2  is  passed, 
will  be  discussed.  ‘ 

The  rate  of  the  first  hydrogenation  step,  backward  reaotion  I,  is  proportional 
to  the  product  of  the  surfaoe  concentrations  of  N  and  H.  It  is  assumed  that 


s 


8/2 


the  surface  concentrations  of  all  adsorbed  species  are  low,  so  that  the  surface 
concentration  of  N  is  proportional  to  its  concentration  in  solution  rNoe  [Nj 
and  the  surface  concentration  of  H  is  proportional  to  the  activity  o*“  H 
«e  pH  l/2.  The  rate  of  step  I  equals 

'2  V,  -  -  k,“  r,  r„  ~k,  M  im*  <2) 

Thesa  dependences  of  the  overall  reaction  would  be  expected  if  step  Iwere  rate 
determining. 

But  if  forward  and  backward  reaction  of  step  I  are  fast  compared  with  rate  of 
the  backward  reaction  II,  there  will  be  approximate  equilibrium  for  the  reaction 
I  and  the  surface  concentration  of  NK  is  given  by 

’  Kr  <3> 

The  rate  of  the  backward  reaction  II  is  proportional  to  the  product  of  the  sur¬ 
face  concentrations  of  NH  and  H. 

**  (4) 


Yt  “  -  n>iH  n*  “  ~  c^j 


These  dependencies  of  the  overall  reaction  wculd  be  expected  if  step  II  were  rate 
determining. 

Suppose  that  the  forward  and  backward  reaction  of  step  I  and  of  step  II  are  fast 
compared  with  thi  .-ate  of  the  backward  reaction  III,  Then  virtually  equilibrium 
for  reaction  I  and  II  prevails  and  the  surface  concentration  of  NH0  is  given  by 


I/  Hi  *  Kj  IVJ  f»M*. 


(5; 


The  rate  of  the  backward  reaction  III  is  proportional  to  the  product  of  the  sur¬ 
face  concentrations  of  NH.^  and  H 


vm  “ 


ri; 


-bMf./  (6) 

*  the  reaction  rate  on  the  nitrogen  concer.- 


‘.m.  1  n  Hi 1  ii 

Thus  one  expects  for  the  dependences  0 
tration  and  the  hydrogen  partial  pressure  the  following  general  equation  : 

vv  “  -  kv  !>]  (7) 

according  to  which  of  the  hydrogenation  and  dehydrogenation 

The  decrease  of  nitrogen 


with  y  =  1,2  or  3 

steps  is  rate  determining. 

The  Eq  (7)  was  verified  by  denitriding  experiments 
content  in  the  iron  foil  may  be  written 

a  flirt,,  S  ACN]  l,  „  9A. 

v*  -  -  —  -  -  -7-  pw,. 


s  dLt 

with  S  =  surface  area 
periments  can  be  plotted 


OI 


(8) 


i  d-t 

and  S  =  thickness  of  the  iron  foil.  The  denitriding  ex. 


according  to  the  integrated  equation  (fig.2). 


Utla 

Mi 


L 

2,$S 


(9) 


The  linearity  of  plots  of  log  (  fNj  /  fNjt)  vs.  t  proves  that  the  reaction  is  of 
first  order  concerning  the  concentration  of  dissolved  nitrogen.  From  the  slope 
of  this  plot  ky  pH  v/2  can  be  determined.  Experiments  with  different  H„-pres- 
sures  gave  the  “2  double-logarithmic  plot  of  k  v  pH)/2  V3,  Ph-  ( fig. 3 ) * 
which  must  deliver  straight  lines  with  the  slopes  l/2,  £  2/2  or  ‘  3/2.  The 

measurements  yield  lines  with  the  slope  changing  from  2/2  to  3/2.  At  higher  H^- 
preasures  the  exponent  v  =  2  shows  that  reaction  II,  the  formation  of  NH„  (ads), 
is  rate-determining.  At  lower  pressures  the  exponents*  3  shows  that  reaction  III, 
the  formation  of  NH.  (ads),  is  rate  determining.  At  Hj-pressures  higher  than 
1  atm  the  reaction  r  may  become  rate  determining,  bui  this  oould  not  be  investi¬ 
gated. 

The  results  confirm  the  mechanism  and  the  other  assumptions  which  were  made  to 
derive  Eq  (7). 

The  rate  control  by  the  reaction  steps  II  and  III  is  also  demonstrated  by  measu¬ 
rements  of  the  temperature  dependence  of  the  rate  of  denitridlng  (fig. 4).  These 
measurements  also  show,  that  at  high  temperatures  or  at  low  Hp-pressurea  desorp¬ 
tion  of  Np  ooours.  The  Np-desorption  2N  (dissolved)-*  N-  is  Sharacteri red  by  a 
high  activation  energy  and  is  independent  of  the  Hp-preBsure. 

A  similar  meohanism  as  for  the  reaction  Eq  ( 1 )  oan  0#  assumed  for  the  decarburi¬ 
zation  of  metals  in  H,  and  the  carburization  in  CH.-H2  mixtures.  Heri  four  hydro¬ 
genation-dehydrogenation  steps  ocourj  c 
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CH 

(ads) 

CH^ 

(ads) 

+ 

H  (ads) 

IV 

ch3 

(ads) 

oh2 

(ads) 

+ 

H  (ads) 

III 

CH? 

(ads) 

CH 

(ads) 

+ 

H  (ads) 

II 

CH 

(ads) 

T* 

C 

(ads) 

+ 

H  (ads) 

I 

The  exponents  van  assume  the  values  1,2,3  or  4  in  the  rate  equation  for  the 
decarburization 


I  ±£] 

l  It 


LCJ 


do) 


The  decarburization  of  V -iron  was  studied  in  the  temperature  range  91o°  to 
1o5o  °C  (2).  The  usual  first  order  plot  log  (  [  C J  /  [  Cj^)  vs.  t  is  linear 
(fig.5),  thus  the  proportionality  of  the  decarburization  rate  to  the  carbon 
concentration  could  be  proved.  It  was  found  for  the  range  of  Hp-pressures 
which  have  been  applied  that  3  ( fig. 6 ),  obviously  the  formation  of  the  CH,- 
radical,  backward  reaction  step  III,  is  the  rate  determining  reaction.  J 
Likewise  the  desulfurization  can  be  described  by  a  mechanism  with  two  hydro¬ 
genation-dehydrogenation  steps. 

H2S  (ads)  SH  (ads)  +  H  (ads)  II 

SH  (ads)  S  (ads)  +  H  (ads)  I 

Studies  of  this  reaction  have  been  made  with  iron  at  95o  °C  (3).  The  desulfuri¬ 
zation  is  of  first  order  concerning  the  sulfur  concentration  in  the  iron  (fig. 7) 
and  the  result  v  =2  from  (fig. 8)  shows  that  reaction  step  II  is  rate  determining. 
With  other  metals  also  v=  1  has  been  found. 

According  to  these  results  for  the  reactions  of  the  mentioned  nonmetal  atoms  A 
from  their  solution  in  iron (and  other  metals)  with  hydrogen  a  general  rate  equati¬ 
on  can  be  given 

v,  --wrrw  (,i> 

This  law  describes  the  rate,  if  the  reaction 

AHx  A  (dissolved)  +  x/2  ( 1 2 ) 

only  occurs  in  the  backward  direction,  in  absence  of  AH  ,  The  rate  law  for  the 
total  reaction  is  obtained  from  the  equilibrium  condition  .  In  equilibrium 
(d  [A]  /  dt  «  0  )  the  rate  of  the  forward  a..d  backward  reaction  must  be  equal 
for  all  hydrogenation  and  dehydrogenation  steps  and  must  yield  the  equilibrium 
condition 


N 


■  -  -  K  03) 

m<,  p«;A 

This  is  fulfilled  by  the  rate  equation 


L  AW 

1  <tt 


-  k. 


r a  1 


(  H) 


This  general  rate  equation  could  be  confirmed  for  all  studied  reactions,  nitri¬ 
ding,  carburization  and  sulfurizatlon  .  In  this  equation  the  expression  for 
the  forward  reaction  contains  the  activity  of  the  radical  AHy  ,  which  is  deter¬ 
mined  by  equilibria  of  the  reactions  preceding  the  rate  determining  step.  The 
expression  for  the  backward  reaction  contains  the  product  of  the  activity  of  H 
and  the  activity  of  AHy-1.  The  latter  is  determined  by  equilibria  of  the  reac¬ 
tions  which  follow  after  the  rate  determining  step.  The  forward  reaction  is  de¬ 
termined  by  the  decomposition  of  the  radical  AHy  ,  the  backward  reaction  is  de¬ 
termined  by  its  formation.  This  is  in  agreement  with  the  principle  of  micros- 
copio  reversibility  which  must  be  fulfilled  tor  reactions  not  too  far  from  equi¬ 
librium. 
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REACTIONS  0?  THE  TYPE 


a2 


2A  (DISSOLVED) 


The  dissolution  of  nitrogen  from  N2  in  iron 

N9  2N  (dissolved) 


(15) 


oould  be  investigated  at  7oo  0  to  looo  °C  by  measuring  the  relaxation  of  the 


Lr  with  1  i>  H9  the  iron  foil  desorbed  its  nitrogen  as  Ng.  The  nitrogen  de¬ 
sorption  curve  (fig. 9)  is  characterized  by  a  fast  decreasing  slope,  indicating 


eleotrioal  resistance  (4).  Thin  iron  foils  were  nitrided  in  N5  with  H9,  in 
Ar  with  1  * 
sc 

a  reaction  of  second  order.  The  initial  rates  of  experiments  with  various  par¬ 
tial  pressures  of  N2  are  proportional  to  the  partial  pressure  of  pN  (fig.lo). 
Thus  one  has  the  rate  equation  2 

T  '  *V*  ' 

This  equation  can  be  rewritten  as  follows 


k  fvj* 


(16) 


L  W 

a.  "cLt 


>./-  -mi 


(17) 


The  integrated  form  describes  the  nitrogenization  of  »t-iron  at  temperatures 
between  7oo  °C  and  9oo  °C  (fig. 11) 


l 


Mt  . 


n 


(18) 


of  N„  is  given  by  the  equation 


-  U«Jl 


n 

The  desorption  rate  in  absence 

X  fUNj 

i  It 

According  to  the  integrated  form  of  this  equation 

Mr-M*  .  A  fc  t 


(19) 


(2o) 


Mi 


the  desorption  curves  can  be  plotted  (fig. 12). 

The  Allowing  reaction  sequence  is  proposed  for  the  atomistio  mechanism  of  the 
reaction 

(ads) 

(ads ) 

N  (ads)  5*-  N  (dissolved) 


N 


2 


=»■  N 


N2  fads)  ?=* 


2 

2N 


The  observed  rate  equation  can  be  attached  to  the  second  step.  The  forward  re¬ 
action  is  the  dissozlation  of  adsorbed  nitrogen,  the  baokward  reaotion  is  the 
reoombinatlon  of  two  adsorbed  nitrogen  atoms.  Again  the  linear  relations 

ot  Pjj  and  r^ecfNjmust  be  valid,  and  written  with  the  surface  concentrations 

of  the  reacting  species  the  equation  roads  as  follows 


i-  4?  -  r».  -  **  ra1  <2,! 

The  reaotion 

A2  (ads)  4  2  A  (ads)  (22) 

with  its  rate  equation 

t  ~  ^  PAi  ~  ^  M  (23) 

presumably  will  be  rate  determining  in  several  systems  gas-mstal. 

Complications  arise  at  lower  temperatures  or  high  nonmstal  activities  and  for 
other  conditions  If  the  coverage  with  the  atoms  A  is  not  very  small. 

The  equation  ( 1 6 )  for  the  nitriding  in  N2  and  the  nitrogen  desorption  is  only 
valid  for  low  nitrogen  concentrations .  for  as  high  nitrogsn  concentrations  as 
one  oan  establish  in  y  -iron  by  nltrldlng  with  H,  or  in*. -iron  by  nitriding 
with  NH j-Hj  mixtures,  the  equation  (16)  must  be  completed  according  to 
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±  ^  (Vi 

S  d/t  /  +  K  [H] 


k  001 
4  +  K  Cwj 


(24) 


The  expression  for  the  backward  reaction  ahowa  that  the  nitrogen  desorption  ia 
of  second  order  only  at  low  nitrogen  concentrations,  for  high  nitrogen  concen¬ 
trations  the  desorption  apparently  becomes  of  fir  t  order.  This  ia  illustrated 
by  a  plot  which  ahowa  the  dependence  of  desorption  rates  on  hign  nitrogen  con¬ 
tents.  The  iron  foils  had  been  nitrided  with  NH.-H^  mixtures  and  after  that  were 
denitrided  in  Ar  (fig, 13).  In  Ar  the  nitrogen  can^or.ly  be  desorbed  as  N2  not 
a  a  itih  • 

In  order  to  derive  equation  (24)  the  following  mechanism  ic  proposed.  The  disso¬ 
ciation  of  the  Np  molecule  occurs  at  special  sites  with  a  high  enthalpy  o?  ad¬ 
sorption  for  N-  atoms,  may  be  at  a  kink  1.  The  recombination  takes  place  at  a 
kink,  one  nitrogen  atom,  which  is  adsorbed  with  high-enthalpy  at  the  kink  reacts 
with  another  mobile  N-atom,  which  is  adsorbed  with  leas  adsorption  enthalpy. 


L  t  N2 
L  N2  (ads) 
lit'  (ads) 
N  (ads) 


L  N2  (ads)  I 

L  N  (ads)  +  N  (ads)  II 

N  (diss.)  +  L  III 

N  (diss.)  IV 


The  rate  determining  step  would  be  reaction  II.  The  rate  equation  can  be  written 
with  the  surface  concentrations  of  the  reacting  species 

VI  ’  rLNl  “  ki  (25) 

For  the  equilibrium  III  a  Langnuir-Isotherm  ia  introduced 


p  .  ^  Km  (26) 

Lw  A  *  Kjr 

The  Np-molecules  presumably  are  less  strong  adsorbed  at  the  sites  of  the  reaction 
than  The  N-atoms,  therefore  one  has  for  the  surface  concentration 


.  J  i 

A  +  Khc 


The  adsorption  equilibrium  IV  is  described  by  a  linear  relation 


(27) 


*•  KV  M  (28) 

as  it  was  assumed  for  the  discussion  of  reaction  (1).  These  expressions  for  the 
surface  concentrations  of  the  reacting  species  are  introduced  in  Eq  (25)  and  one 
receives  a  rate  equation 


'^I 


*1 


a 

a  *  M 


K 


a  *  [vj 


Kr  Cm] 


(29) 


which  can  be  converted  to  the  experimentally  obtained  Eq  (24),  if  the  constants 
are  combined. 

There  is  another  possible  mechanism  which  explains  the  rate  £q  (24)  and  that  is 
a  dissociation  of  N,  (ads)  under  formation  of  one  adsorbed  and  one  dissolved  N- 
atom.  The  backward  "  reaction  would  be  a  recombination  of  one  adsorbed  and  one 
dissolved  N-ttom.  The  derivation  of  the  rate  equation  for  this  second  mechanism 
ij  similar  to  the  consideration j  given  above, excepted  that  the  adsorption  equili¬ 
brium  IV  would  play  no  part.  Thus  the  assumption  of  special  sites  is  not  needed, 

h\  of  N2  (ads)  I 

N,  (ad3)  N  (ads)  ♦  N  (dissolved)  II 

N  (ads)  N  (dissolved)  III 


The  rate  equation  (24)  in  a  generalized  fora 


-  m  t  A  -  fc  r*3 L 

S  it  I  **■  A  ♦  KTA]  A  *  k'fAJ 


( 3o) 


and  the  inherent  mechanism  probably  is  of  general  importance  for  several  reactions 
A  ,  e»  2A  (dissolved  in  a  metal),  3ince  measurements  of  the  dissolution  reactions 
oi  Hp  with  Pd  (3)  and  0,  with  Ag  (6)  have  given  rate  equations,  which  are  in 
accord  with  equation  (3&). 
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ELEMENTABY  REACTIONS  IN  COg-CO-MIXTUBES 

By  measuring  the  rates  of  isotope  exchange  reactions  at  metals  the  rates  of 
elementary  steps  of  other  more  complicated  reactions  can  be  measured.  This  is 
shown  for  the  decarburizstion  and  carburization  of  iron  in  COp-CO  mixtures. 

The  isotope  excharge  in  a  mixture  of  tagged  C02,  labelled  with  radioactive 
and  of  inactive  CO  occurs  by  oxygen  transfer  from  the  C02  to  the  surface  of  the 

metal  AA  14 

14  C02  r*  14  CO  +0  (ads)  (31) 

and  by  the  reaction  of  carbon' monoxide  with  the  adsorbed  oxygen 

0  (ads)  +  CO  r*  C02  (22) 

Therefore  by  measuring  the  rate  of  the  overall  reaction 


14  C02  +  CO  *  14  CO  +  C02  (33) 


the  rate  of  the  decomposition  of  C02  can  be  determined  at  any  surface  (7,8).  It 
is  virtually  equal  to  the  rate  of  the  first  step  of  the  exchange  reaction,  since 
the  isotope  effect  may  be  neglected.  For  the  rate  of  the  first  step  can  be  writ¬ 


ten 


A_ 

S  dLt 


P^CO, 


P^CO  (34) 


It  is  assumed  that  the  surface  coverages  with  COg  and  CO  are  low,  but  the  sur¬ 
face  coverage  with  0  (ads)  may  be  high.  Therefore  the  rate  constants  may  depend 
on  the  activity  of  oxygen,  which  is  determined  by  the  equilibrium  Eq  (32)  and 
can  be  defined  by  a0  «  Pco;/pCO'  ln  equilibrium  of  reaction  Eq  (33)  the  concen¬ 
tration  of  radiocarbon  2  must  be  same  in  both  gases 


’co, 


COj. 


(35) 


p  CO  /eq  P-co 

With  the  help  of  the  equilibrium  condition  k'(aQ)  can  be  eliminated 
A  A  n.<«i 

S  14 


Leo 


-  t(a0)  (*♦  %)  [(p«HC0)^  ~  p^co]  (36 


The  exchange  reaction  was  measured  in  a  flow  reactor.  The  amount  of  ^4  CO,  for¬ 
med  by  the  decomposition  of  14  C02  at  the  metal  surface,  is  proportional  to  the 
counting  rate  found  for  the  carbon  monoxide  behind  the  reaction  vessel.  At  8oo  °C 
the  rate  oonstant  k  (aQ)  was  measured  at  iron  in  the  interval  of  C02/C0-ratios 
between  o,116  and  o,532.  At  higher  CC2/CO-ratios  oxidation  of  the  iron  occurs, at 
lower  C02/C0-ratios  carbon  oan  be  deposited.  In  this  range  the  phases  x-  and 
f-iron  with  disoolved  carbon,  ferrite  and  austenite  occur,  the  boundary  is  at 
C02/CC  *  o,372.  It  was  found  that  the  rate  constant  depends  on  (fig. 14)  accor¬ 
ding  to 

k  (aQ)  *  k  .  a0  "B  (37) 

Measurements  on  metals  more  noble  than  iron  showed  no  variation  of  k  (aQ)  with 

obviously  on  these  metals  the  surface  coverage  with  0  (ads)  is  low  (fig. IS). 

At  8co  °C  also  the  decarburisation  and  carburization  of  austenite  was  studied  (7). 
This  reaction  prooceds  according  to 

C02  ♦  C  (in  1  -Fe)  2  CO  (38) 

A  change  in  the  C02/CO-ratio  causes  a  change  in  the  carbon  content  of  the  iron 
sample.  For  the  decarburizstion  the  following  mechanism  may  be  assumed 


co? 

C02 

(ads) 

I 

C02  (ade) 

& 

CO 

(ads)  +  0  (ads) 

II 

(ads)+C  (ads; 

e* 

cc 

(ads) 

III 

CO  (ads) 

ww 

CO 

IV 

C  (ads) 

w* 

c 

(diesolved) 

V 
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If  the  decomposition  of  the  adsorbed  CO2  is  rate  determining  the  rate  equation 
for  the  change  in  carbon  content  is  analogous  to  the  rate  equation  for  the  ex¬ 
change  reaction,  which  was  discussed  above. 

-i  t  ■  kN^  -  k'M  i1"  <39> 

By  elimination  of  k'(ag)  the  following  rate  equation  is  derived 

■If*  [a  -  (4o) 

which  shows  that  the  rate  of  decarburization  should  be  proportional  to  the  par¬ 
tial  pressure  of  CO2. 

The  decarburization  and  carburization  could  be  investigated  at  800  °C  by  measu¬ 
ring  the  relaxation  of  the  electrical  resistance  after  changes  in  the  CO2/CO- 
ratio  of  the  flowing  gas.  The  experiments  could  be  performed  in  the  interval 
of  COg/CC -ratios  where  austenite  is  stable.  The  measurements  showed  that  the 
rate  of  the  decarburization  is  proportional  to  the  partial  pressure  of  CO2 
and  is  independent  of  the  initial  concentration  of  carbon.  The  rate  content 
k(aQ),  calculated  from  the  decarburization  measurements  is  virtually  the  same 
as  the  value  found  for  the  rate  constant,  calculated  from  the  ^C-exehange  re¬ 
sults. 

These  results  prove  that  in  both  reactions  the  COg-decomposition  occurs  as  an 
elementary  step  and  that  the  reactions  can  be  described  by  the  assumed  mechanisms. 


CONCLUSION 

For  surface  reactions  at  metals  simple  rate  equations  have  been  measured,  from 
which  the  rate  determining  step  could  be  recogni zed, In  one  case  the  comparison 
with  isotope  exchange  studies  helped  to  identify  the  elementary  rate  determining 
step. 

Measurements  have  been  performed  of  some  reactions  which  lead  to  the  formation 
of  a  solid  solution  of  a  nonmetal  A  in  the  metal.  In  reactions  of  the  type 

AHx  ^  A  (dissolved)  ♦  x/2  (A  =  C,N,S,0) 

a  stepwise  dehydrogenation  or  hydrogenation  (in  the  backward  reaction)  of  the 
nonmetal  atom  occurs.  One  of  the  reaction  steps 

AH  v  (ads)  AH^_^  (ads)  +  H  (ads) 

determines  the  rate  of  the  reaction  sequence  and  the  dependences  on  partial 
pressures  and  concentrations,  see  Eq.(H).  Obviously  the  rates  of  these  conse¬ 
cutive  steps  are  not  very  different  and  a  variation  of  the  reaction  conditions 
or  the  metal  substrate  often  displays  other  dependences  and  thus  another  rate 
determining  step. 

For  dissolution  reactions  of  diatomic  gases  A^  =  Ng,  ,  0,  usually  the  disso- 
ziation  of  the  adsorbed  molecule  is  rate  determining.  In  several  investigations 
the  simple  rate  law  £q. ( 2  3)  for  the  dissoziation  and  its  back  reaction,  the 
recombination  of  two  adsorbed  A-atoms  was  found. 

Complications  arise  at  lower  temperatures  or  high  nonmetal  activities  and  if 
nonmetal  atoms  are  involved  in  the  reactions, which  are  very  strongly  adsorbed 
such  as  oxygen.  Then  appropriate  isotherms  must  be  introduced  for  the  equili¬ 
bria  of  these  atoms  in  the  gaseous  state  and  in  t be  adsorbed  3tste  or  in  the 
dissolved  state  and  in  the  adsorbed  state,  in  order  to  adapt  the  rate  equations 
to  the  results  (see  Lq.3o  and  Lq,  37). 

In  principle  the  same  considerations  are  valid  and  slifiilar  rate  laws  are  to  be 
expected,  if  no  solid  solutions  but  compounds  of  the  metal  and  the  nonmotal  atom 
are  formed,  nitrides,  carbides,  sulfides  or  oxides. 


trv  vO  t-CD 
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14)  rouble-logarithmic  plot  of  k  (aQ)  vs.  aQ  for  measurements  on  iron 

15)  Double-logarithmic  plot  of  k  (a^)  vs.  aQ  for  measurements  on  copper  and  nickel. 


< 1 )  Principle  of  the  relaxation  method 
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iron  foil 
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(7)  Da sulfur i cation  neaaurenenta  with 
iron  foil 


(10)  Rate  of  th«  nitriding  with  R2  st 
various  nitrogan  praaauras 
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(13)  Dependence  of  the  N2“da*orPt*on  r*te 
oa'high  nitrogen  concentrations  in  the 
iron  aaaple 
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SUMMARY 


The  relative  oxidation  resistances  of  ( 1 )  ZrB2,  (2)  ZrB2  +  20  v/o  SiC,  and  (3)  ZrB2  +  14  v/o  SiC  +  30  v/o  C  were 
studied  thermogravimetrically  over  the  range  800  to  1600°C  and  over  a  range  of  three  orders  of  magnitude  in  oxygen  partial 
pressure.  In  undoped  ZrB2  the  relative  amounts  of  B2O3  and  Zr02  formed  could  be  determined  by  measuring  total  oxygen 
consumption  and  the  amount  of  B2O3  formed.  Below  1100°C  very  little  of  the  B2O3  formed  evapora.ed  at  the  total 
pressure  used  (250  mm).  The  kinetics  of  the  oxidation  process  we.  .  difficult  to  define  and  appear  to  depend  on  sample 
composition,  temperature,  and  oxygen  partial  pressure.  Logarithmic  ana  cubic  as  well  as  parabolic  dependencies  were 
observed  in  some  cases.  In  those  cases  where  the  process  was  consistent  over  a  wide  enough  range  of  conditions,  values  for  the 
rate  constants  and  activation  energies  are  calculated  and  compared  with  values  found  by  other  investigators. 
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A  GROUP  OF  MATERIALS  of  cunent  interest  for  high  temperature  applications  is  the  refractory  metal  borides.  A  thorough 
survey  of  the  borides  of  niobium,  titanium,  zirconium,  and  hafnium  has  been  made  for  the  Air  Force  Materials  Laboratory  at 
Wright-Patterson  AFB  under  the  direction  of  Manlabs,  Inc.  Through  their  efforts  several  of  the  borides  and  borides  with 
additives  have  been  developed  with  sufficient  thermal  properties  to  be  considered  for  practical  uses  in  such  applications  as 
rocket  nozzles,  turbine  parts,  and  leading  edges  of  space  vehicles. 

The  study  of  the  oxidation  of  zirconium  diboride  with  certain  additives  was  undertaken  to  compliment  and  extend  the 
extensive  survey  work  of  Manlabs.  The  measurements  made  at  Manlabs  consisted  principally  of  recession  rates  for  times  of  30 
to  60  minutes  in  air  at  temperatures  of  1800°  to  2I00°C,  whereas  the  measurements  conducted  in  this  study  are  weight 
change  measurements  in  oxygen  for  larger  period-  of  time  over  the  temperature  range  of  800°  to  1500°C.  The  goal  is  to 
derive  the  mechanism  of  corrosion  of  these  materials.  The  studies  accomplished  to  date  show  clearly  the  complexity  of  the 
problem  and  have  shown  the  necessity  of  combining  more  than  one  type  of  measurement  to  determine  insight  into  the 
processes  involved. 

The  specific  materials  that  have  been  investigated  are: 

Material  I,  ZrBj  without  any  intentional  additives,  Manlabs  billet  number  IO3AD0563. 

Material  V,  ZrBj  with  20  v/o  SiC,  billet  number  V07DO'/  I7K. 

Material  VIII,  ZrB2  with  14  v/o  SiC  and  30  v/o  Regal  C,  billet  number  VIII07D0725K. 

Out  of  the  many  materials  developed  in  the  Manlabs  program  these  three  studied  here  appear  to  be  the  most  promising  for 
immediate  applications  based  on  their  thermal  properties,  ease  of  fabrication,  and  the  cost  of  manufacture.  A  similar  group  of 
materials  with  hafnium  replacing  zirconium  was  studied  by  Manlabs  ana  generally  exhibited  better  thermal  properties  but  was 
both  heavier  and  more  costly. 

This  manuscript  is  the  initial  report  of  a  continuing  study  of  the  oxidation  of  boride  compounds  and  as  such  is  not  intended 
to  be  complete.  More  measurements,  complimentary  to  the  weight  change  data,  are  in  progress.  These  include  weight  change 
measurements  where  the  volatile  products  are  collected  and  weighed  simultaneously  with  the  sample,  weight  change 
measurements  where  only  the  volatile  products  are  weighed,  oxygen  consumption  measurements,  and  microstructure  studies. 
The  results  of  these  measurements  will  be  reported  upon  completion. 

EXPERIMENTAL  The  material  was  received  in  three  inch  diameter  billets  approximately  one  inch  long.  The  billets  were 
sli.ed  with  a  diamond  saw  to  make  coupons  approximately  1  mm  thick  having  an  average  surface  area  of  4  cm2.  After  sawing, 
the  samples  were  smoothed  on  a  diamond  grinding  wheel  to  remove  the  saw  marks  and  no  further  polishing  was  dune. 

Each  sample  had  a  small  hd'  drilled  in  the  center  at  one  end  from  which  it  was  suspended  for  the  weight  change 
measurements.  The  area  used  for  a  sample  was  the  geometric  area  obtained  by  measuring  with  a  micrometer. 

Before  a  run  was  made  the  sample  was  washed  with  acetone  and  aicuhol  in  an  ultrasonic  cleaner,  then  hung  from  the  balance 
in  the  furnace  which  was  evacuated  to  about  1C^  torr  and  heated  to  600°C.  Each  sample  was  held  at  600°C  for  15  to  18 
hours  before  heating  to  the  temperature  of  the  measurements. 

Two  methods  were  used  to  establish  a  value  for  zero  weight  at  zero  time.  Below  1000°C,  where  no  significant  reaction  occurs 
in  vacuum  for  short  periods  of  time,  the  vacuum  weight  could  be  compiled  before  and  after  a  run  to  get  the  total  weight 
gained.  This  weight  could  be  subtracted  from  the  last  weight  measured  before  evacuating  to  obtain  a  weight  for  zero  time. 
Above  I000°C  where  some  reaction  could  be  observed  in  vacuum  it  was  necessary  to  extrapolate  back  to  zero  time  to  get 
zero  weight  values.  The  values  obtained  by  the  firat  method  are  much  more  accurate. 

The  balance  system  used  in  this  study  has  been  previously  described.^*’  *2'  Two  Ainsworth  balances  were  used;  one  a  model 
I4F,  the  other  a  model  AU1.  Both  balances  worked  extremely  well  in  this  application.  The  one  limitation  necessary  was 
imposed  by  the  small  weight  change  that  could  be  measured.  The  I4F  measures  a  total  change  of  only  80  mg  and  the  AU I , 
100  mg.  This  required  samples  small  enough  that  the  total  change  in  weight  observed  would  be  within  these  limits. 

Most  all  the  measurements  were  made  at  a  total  pressure  of  250  mm  of  oxygen.  This  pressure  was  chosen  so  that  evaporation 
could  be  k  pi  as  low  as  possible.  At  250  mm  total  pressure,  the  balance  trace  starts  to  show  noise  because  of  thermal 
convection  currents  and  gets  much  worse  as  the  pressure  is  increased. 

Commercial  breathing  type  oxygen  was  used  with  no  further  purification.  The  flow  dependence  of  the  weight  change  was 
checked  and  although  flows  of  only  1 50  ml /min  were  used  it  was  found  to  provide  enough  oxygen  at  all  temperatures  with 
the  small  samples  that  were  used. 

RESULTS  The  results  presented  here  contain  only  weight  change  measurements  to  1 500°C  with  the  exception  of  one  20  min 
run  on  material  V  at  I600°C. 

F'gure  9-1  is  the  weight  change  per  unit  area  vs  time  for  material  I  covering  the  temperature  range  of  800°  to  !4O0°(\  The 
first  two  nours  of  these  data  can  be  fit  reasonably  well  to  c  parabolic  rate.  However,  it  was  also  tound  that  most  of  these  data 
could  be  plotted  equally  well  to  a  cubic  equation.  The  next  two  hours  appear  to  be  linear  but  here  also  the  data  could  be  fit 
to  another  dependence,  i.e.  logarithmic.  This  greph  indicates  a  change  in  the  oxidation  process  between  1 100°  and  1 200°C 
This  can  be  seen  by  the  relative  closeness  of  the  two  curves.  Abovr  1 100°  the  boron  oxide  formed  appears  to  be  completely 
vaporized  and  although  the  oxidation  rate  is  expected  to  increase  with  temperature  it  does  not  since  these  gravimetric 
measurements  only  measure  the  weight  of  the  material  remaining. 
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Material  1  was  oxidized  at  1 500°C  but  because  of  a  reaction  occurring  between  the  sample  and  the  material  used  to  hang  the 
sample  the  sample  droped  off  af'ei  20  minutes.  No  satisfactory  material  has  been  found  for  suspending  the  boride  materials 
at  temperatures  above  1500°.  Calcia  stabilized  zirconia,  thoria,  alumina,  rodium,  and  iridium  have  been  tried  for  the  higher 
temperature  work,  but  in  each  case  the  reaction  occurring  proved  to  be  distinctive. 

The  effects  of  oxygen  pressure  on  the  oxidation  rate  o  'er  long  periods  of  time  was  examined  at  1 100°C  as  shown  in  Figure 
9-2.  The  oxygen  pressures  are  also  the  total  pressure.  quite  difficult  to  explain  from  these  measurements  what  change  in 
mechanism(s)  is  occurring  as  the  pressure  is  lowered.  However,  the  weight  change  measurements  shown  on  Figures  9-1  and 
9-2  do  indicate  that  the  mechanism  of  oxidation  in  material  I  does  depend  on  both  the  temperature  and  the  pressure. 

Material  V  with  20  v/o  silicon  carbide  added  shows  different  behavior  at  the  higher  temperatures  than  material  1.  Figure  9-3 
presents  the  eight  change  data  for  material  V  over  the  same  temperature  range.  Below  1000°C  the  oxidation  behavior  for 
both  materials  is  quite  similar.  At  1100°C  there  is  a  marked  decrease  in  the  weight  gain.  After  several  hours  the  sample 
appears  to  be  losing  weight  which  is  an  indication  that  ihe  boron  oxide  is  vaporizing  about  as  fast  as  it  is  formed.  The  1 200° 
data  appear  anomalous  showing  a  larger  weight  gain  than  fits  in  with  the  data  at  other  temperatures.  This  sample  had  a  very 
thick  glass-like  coating  on  it  that  apparently  forms  in  this  temperature  range  and  does  not  evaporate  very  rapidly.  The 
glass-like  coating  is  observed  at  other  temperatures,  but  never  as  thick  as  at  1 200°C.  At  1 300°  the  glass  formed  appears  to  be 
evaporating.  After  several  hours  a  decrease  in  weight  is  observed  probably  due  to  the  rate  of  formation  being  slower  than  the 
rate  of  evaporation.  At  1400°C  and  above  the  weight  shows  a  steady  increase  for  long  periods  of  time.  This  is  an  indication 
that  the  formation  and  retention  of  solid  ZrOj  predominates.  The  1500°  run  on  this  material  was  successful,  but  at  1600° 
the  reaction  between  the  suspension  and  the  sample  occurred  as  it  did  at  1 500°  in  material  1. 

The  pressure  dependence  is  shown  in  Figure  9-4.  Again  combining  the  data  of  Figures  9-3  and  9-4  indicates  an  oxidation 
process  which  is  both  pressure  and  temperature  dependent.  However,  it  was  possible  to  take  the  first  60  minutes  of  these  data 
and  calculate  a  parabolic  rate  constant.  Figure  9-5  shows  that  the  pressure  dependence  is  nearly  linear  for  the  first  hour  of 
oxidation  at  1 100°C. 

Figure  9-6  shows  the  weight  change  data  for  material  VIII  which  contains  14  v/o  silicon  carbide  and  30  v/o  regal  carbon. 
These  data  indicate  behavior  quite  similar  to  material  V.  The  reproducibility  of  these  measurements  was  quite  poor  probably 
due  to  inhomogenity  caused  by  the  large  carbon  content.  The  data  on  materials  1  and  V  were  reproducible  to  better  than  10% 
so  the  comparison  of  the  oxidation  behavior  will  be  confined  to  these  two  materials. 

An  indication  of  the  rates  involved  in  the  weight  change  can  be  seen  from  Figures  9-7  and  9-8.  Figure  9-7  is  a  log  -  log  plot  of 
the  weight  change  per  unit  area  for  material  I  and  250  torr  oxygen  pressure  and  Figure  9-8  shows  the  same  data  for  material 
V.  A  line  is  drawn  in  the  figures  representing  parabolic  kinetics. 

The  agreement  is  not  good  because  as  shown  previously  the  oxidation  rates  are  a  combination  of  more  than  one  process. 
However,  to  compare  the  rates  of  the  two  materials  and  also  to  compare  our  data  with  other  investigators  the  shorter  times 
can  be  plotted  reasonably  well  to  a  parabolic  equation. 

The  addition  of  silicon  carbide  was  made  to  improve  the  oxidation  resistance  of  these  materials  at  the  higher  temperatures.  It 
is  expected  that  the  usable  temperature  range  will  be  above  2000°C.  No  weight  change  measuremer ‘.s  have  been  successful  at 
temperatures  this  high  because  of  the  problem  of  supporting  the  sample.  The  measurements  made  tn  1500°C  do  show  the 
improved  oxidation  behavior  of  material  V  when  compared  to  material  1. 

Figures  9-9  and  9-10  compare  the  high  temperature  and  low  temperature  behavior  of  materials  I  and  V.  These  data  are 
plotted  to  a  parabolic  fit  for  the  first  two  hours  of  oxidation. 

Below  1 300°  material  V  shows  larger  weight  gains  than  material  I.  Above  1 300°  this  behavior  is  reversed  as  shown  in  Figure 
9-10. 


Keeping  in  mind  that  these  data  are  weight  measurements  of  remaining  sample  it  would  be  difficult  to  fairly  evaluate  the 
material  from  these  data  only.  However,  the  recession  rate  measurements  to  2100°C  by  Manlabs  do  show  that  it  is  at  the  high 
temperatures  that  material  V  is  superior  to  material  I  in  resisting  oxidation. 

Other  investigators  have  made  oxidation  studies  on  materials  equivalent  to  material  I  used  in  these  experiments.  Figure  9-1 1  is 
a  plot  of  the  parabolic  rate  constant  derived  from  these  weight  measurements.  In  this  figure  are  shown  the  data  of  two  other 
investigators,  one  of  weight  change*'1*'  Ihe  other  oxygen  consumption  measurements*'1'.  Below  1 I00°C  there  is  reasonable 
agreement  between  all  investigators.  Since  all  trie  oxidation  products  should  be  retained  at  these  temperatures  the 
measurements  should  be  directly  comparable.  Above  1 100°  where  a  rate  change  was  shown  to  occur.  Figure  9-1,  our  data  and 
that  of  Kuriakosc  and  Margrave  are  still  in  good  agreement,  however.  Berkowitr's  data  shows  a  much  greater  oxygen 
consumption  which  could  not  be  shown  on  this  plot. 

CONC  LUSIONS  A  complete  picture  of  the  oxidation  of  zirconium  diboride  or  any  oxidation  process  resulting  in  par!  in  the 
formation  of  one  or  more  volatile  products  cannot  be  deduced  from  weight  change  measurements  alone.  However, 
continuous  weight  change  measurements  are  extremely  sensitive  indicators.  Perhaps  more  so  ihan  any  other  type  of 
measurement,  of  any  change  taking  place  with  time,  temperature,  pressure  etc.  which  results  in  a  loss  or  pin  in  weight  The 
resells  presented  here  show  quite  clearly  the  oxidation  of  the  diboridcs,  particularly  with  additives,  is  complicated 
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Material  I,  without  additives,  does  not  show  a  clear  par  belie  dependence  to  the  oxidation  process  even  at  temperatures 
below  1 100°  where  the  vaporisation  of  boron  oxide  should  be  negligible,  although  most  of  the  oxidation  data  found  in  the 
literature  does  inteipret  the  oxidations  process  as  parabolic.  The  weight  change  rate  at  temperatures  below  1 100°  could  be 
controlled  by  more  than  one  process.  The  boron  oxide  lormed  is  liquid  at  these  temperatures.  A  diffusion  controlled  process 
theoretically  requires  a  constant  film  thickness  which  is  difficult  to  maintain  with  the  measurements  being  made  here. 

The  data  above  1 200°  shown  in  Figure  9-7  appears  to  be  approaching  closer  to  a  1/2  slope  as  the  temperature  is  increased.  At 
these  higher  temperatures  the  vaporization  of  boron  oxide  is  probably  complete  and  the  process  being  measured  is  the 
formation  of  zirconium  oxide.  What  the  rate  controlling  process  is  cannot  be  derived  without  additional  information  but  it  is 
not  unreasonable  to  assume  that  the  process  is  controlled  by  the  diffusion  of  oxygen  through  ZrOj.  The  energies  obtained 
from  the  weight  change  measurements  are  reasonable  for  this  type  of  process. 

The  behavior  of  material  V  is  shown  by  these  Height  change  measurements  to  be  much  more  complicated  than  material  I.  The 
long  time  data  presented  in  Figure  9-3  show  the  behavior  expected  when  the  compounds  formed  have  different  temperature 
dependence  for  vaporization.  Below  1 100°C  the  behavior,  especially  at  times  less  than  4  hours,  is  quite  similar  to  material  I. 
This  would  indicate  that  the  SiC  addition  does  not  enhance  the  oxidation  resistance  of  ZrB2  at  these  temperatures  and  does 
not  significantly  affect  the  weight  change.  However,  at  1200°C  the  formation  of  a  glassy  layer  on  the  surface  of  material  V 
appears  to  be  the  largest  contributor  to  the  weight  change.  The  composition  of  this  layer  is  not  known  but  could  possibly 
contain  boron  and/or  zirconium  compounds  as  well  as  SiOr  At  1 300°C  and  above  the  evaporation  of  the  silica  layer  begins 
and  as  the  temperature  is  increased  the  formation  of  Z1O2  should  be  the  predominant  process  increasing  the  sample  weight. 
For  the  first  four  hours  of  oxidation  shown  in  Figure  9-8  the  data  appears  to  fit  a  1/2  slope  better  at  the  higher  temperatures 
as  did  material  I. 

The  non  reproducibility  of  the  measurements  on  material  VHI  precludes  this  material  from  a  qualitative  discussion.  However, 
as  can  be  seen  by  comparing  F  ore  9-3  with  Figure  9-5  there  is  a  great  deal  of  similarity  in  the  weight  change  data  for  both  of 
these  materials.  A  variation  of  material  VIII  has  been  developed  by  Manlabs  which  contains  only  18  v/o  carbon  and  10  v/o 
silicon  carbide.  This  material  which  is  much  more  homogeneous  and  retains  all  the  desirable  properties  of  material  VIII  (i.e., 
oxidation  resistance  with  better  thermal  stress  properties  and  increased  machinability). 
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SUMMARY 


The  behaviour  of  silicon,  s  3elf  bonded  silicon  carbide  containing  3ilic,  n  and  pure  silicon 
carbide  has  been  assessed  in  oarbon  dioxide,  water  vapour,  oxygen,  carbon  monoxide,  vacua  ar.d 
helium  at  1000  -  1300°C,  Particular  attention  has  been  paid  tc.  the  conditions  governing  the 
formation  of  protective  silica  films  and  tc  the  passage  of  material  into  the  gas  phase  as  SiO  and 
silicon  vapour.  A  detailed  review  of  published  data  is  given  together  with  an  account  of  additional 
experimental  work. 

When  silica  films  are  formed  a  parabolic  rate  law  is  in  general  obeyed  and  there  are  no  marked 
differences  in  behaviour  of  the  three  materials,  with  the  exception  that  silicon  is  oxidised  more 
readily  than  silicon  carbide  in  water  vapour  at  100C°C.  The  reactivities  of  the  oxidants  decrease 
in  the  order  water  vapour,  oxygen  and  carbon  dioxide  with  carbon  monoxide  being  completely  inert. 

The  data  have  been  interpreted  on  the  basis  that  the  silica  films  grow  by  the  diffusion  of  hydroxyl 
ions  in  water  vapour. 


The  formation  of  SiO  with  silicon  carbide  in  low  partial  pressures  of  oxidant  leads  tc  high 
oorrosion  rates.  It  has  been  deduoed  that  wider  these  conditions  silica  is  an  intermediary  and 
the  rate  determining  step  is  the  desorption  of  the  gasecu3  products.  Silicon  carbide  is  not 
dissociated  into  silicon  vapour  and  carbon  at  tempt ratures  t  1200°C  although  decomposition  may  be 
significant  at  1 300°C 


ion 


SILICON  CARBIDE  has  established  Itself  for  many  applications,  its  essential  properties  being 
exoellent  oxidation  resistance  and  mechanical  strength  at  high  temperatures.  The  work  covered  by 
the  present  paper  was  carried  out  on  its  corrosion  behaviour  in  the  nuclear  context  for  the 
possible  use  of  silicon  carbide  based  materials  in  nuclear  reactors,  and  hence  the  environ>'.rnts 
considered  are  of  particular  relevance  to  the  nuclear  field.  However  the  work  is  of  general 
applicability  in  that  the  fundamentals  covered  apply  to  many  non-nuclear  applications  including 
the  aerospace  field. 

The  work  has  been  concerned  with  self  bonded  silicon  carbide,  a  well  established  impervious 
product  containing  free  silicon,  pure  silicon  carbide  and  for  reference  purposes  and  because 
silicon  is  present  in  the  bonded  material,  pure  silicon.  The  behaviour  of  these  materials  has 
been  assessed  in  carbon  dioxide,  water  vapour,  oxygen,  carbon  monoxide,  vacua  and  flowing  helium 
over  the  temperature  range  1000  -  1300°C.  For  presentation  purposes  the  paper  is  divided  into  a 
review  of  previous  work,  application  of  previous  work,  a  description  of  an  experimental  programs* 
with  finally  a  discussion  of  the  available  data. 

FREV10US  WORK 


The  oxidation  behaviour  of  both  silicon  and  silicon  carbide  can  be  classified  as  either  "passive" 
with  the  formation  of  protective  silica  films,  or  "active"with  the  formation  of  gaseous  SiO,  leading 
to  high  corrosion  rates.  A  limited  supply  of  oxidant  with  low  partial  pressures  of  the  oxidising 
gas  is  a  necessary  condition  for  active  corrosion,  the  SiO  being  produced  possibly  by  direct  reaction 
with  the  gas  or  by  reduction  of  temporarily  formed  silica,  by  the  underlying  silicon  or  silicon 
cerbide  e.g. 

2  Si  +  02  — >2  SiO 

Si  +  Si02  — >  2  SiO 

A  high  pressure  of  oxidant  lowers  the  partial  pressure  of  SiO  according  to  the  reaction 


SiO  >  -2«2  — >  Si02  . (1) 

and  thereby  results  in  the  formation  of  a  protective  film  of  silica. 

PASSIVE ,  REGION  With  regard  to  the  passive  region,  numerous  studies  have  been  carried  out  for 
both  silicon^  “3)  and  silicon  carbide (4-5)  in  oxygen  and  water  vapour,  with  only  a  very  limited 
amount  of  work  on  the  behaviour  in  carbon  dioxide  and  carbon  monoxide.  The  data  in  general  only 
refer  to  short  exposures  with  a  maximum  time  of  lOOh  and  in  the  case  of  silicon  carbide  only  to 
powder  samples.  Also  such  of  the  data  are  .inconsistent  with  regard  to  the  influence  of  important 
variables  such  as  gas  pressure. 

The  kinetics  may  in  general  be  approximated  to  a  parabolic  law,  although  there  may  be  an 
appreciable  period  in  the  early  stages  when  a  linear  law  is  obeyed,  particularly  at  low  temperatures. 
With  silicon  carbide  limited  studies  indloate  that  the  carbon  is  released  to  the  gas  phase  as  carbon 
dioxide  or  carbon  monoxide  on  oxidation  of  the  silicon  atom3,  and  most  data  are  interpreted  on  this 
basis.  Uotifeldt^1 W  hag  summarised  most  of  the  information  for  both  materials  in  oxygen  published 
up  to  1964  in  a  parabolic  rate  constant  versus  1  plot,  which  indicates  that  the  kinetios  of  the 
thickening  of  the  silica  film  are  similar  for  both  materials  and  hence  are  not  influenced  by  the 
passage  of  carbon  through  the  films  formed  on  silicon  carbide.  The  oxidation  rates  for  both 
metevials  in  water  vapour  are  considerably  faster  than  those  for  oxygen.  Cappelen  et  al.(9)  have 
shown  for  silioon  carbide  at  1 500 °C  that  silica  films  preformed  in  oxygen  do  not  inhibit  attaok  by 
water  vapour  and  that  a  subsequent  return  to  oxygen  results  in  rates  slightly  higher  than  those 
obtained  in  oxygen  initially.  Also  the  behaviour  in  a  gas  mixture  containing  equal  parts  of  oxygen 
and  water  vapour  was  equivalent  to  that  for  the  water  vapour  alone.  Deal  and  GroveU)  in  a  study  of 
the  behaviour  of  silicon  have  shown  that  the  parabolic  rate  constant  for  water  vapour  is  greater 
than  that  in  oxygen  by  a  factor  of  approximately  100  at  1000  -  1100°C  and  that  in  agreement  with  the 
data  of  Cappelen  et  al,  for  silioon  carbide  a  small  amount  (l/$)  of  OJ-ygen  does  not  signifioantly 
influence  the  attack  by  water  vapour. 

Considerable  differences  exist  between  the  various  seta  of  data  on  the  influence  of  pressure. 
Jorgenson  et  al.  have  reported  that  the  parabolic  rate  constant  (k)  for  silicon  carbide  in  oxygen(7) 
and  water  vapour  (8)  from  1  30C  -  1  556  C  and  1 21  (i  to  i  51  A°C  respectively  varies  logarithmically  with 
gas  pressure  (p) 


k  a  A  log  p  ♦  C  A  and  C  =  constants 

whilst  Deal  ong  Grove(3)  liavc  deduced  that  the  parabolic  rate  constant  for  silioon  in  these  gases 
at  HOC  -  1200  C  is  directly  proportional  to  gas  pressure.  However,  Law*1)  has  reported  a  logarithrlc 
relationship  for  silicon  in  oxygen  at  792  -  927  C.  Much  of  the  apparent  inconsistency  could  be  due 
to  the  fsot  that  different  materials,  gases,  temperatures  and  pressures  hsve  been  oovered  by  the 
different  workers  and  therefore  that  the  relationship  varies  with  the  environmental  conditions, 
although  it  is  more  likely  thot,  basio  disagreements  exist  between  the  various  sots  of  work. 

The  films  are  generally  believed  to  consist  primarily  of  amorphous  silioa  although  at  the 
higher  temperatures  after  long  times  and  particularly  in  the  presonoe  of  water  vapour  orystalline 
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tridymite  or  oristobalite  may  fora^*®^.  There  is  evldenoe  that  the  transformation  to  oryatob&lite 
deoreases  the  protective  properties  of  the  films ( 6) ,  Several  marker  studies(2*  have  shown 

that  the  films  grow  at  the  metal/yxid®  interface  by  the  passage  of  oxygen  through  the  films.  There 
has  been  considerable  speculation'^)  as  to  the  nature  of  the  diffusing  speoies  although  it  is 
accepted  that  the  diffusion  is  rate  controlling  when  a  parabolic  law  operates.  In  support  of  the 
theoretical  analyses  correlations  have  been  obtained  between  the  diffusion  of  gases  through  silica 
and  oxidation  rates  for  silicon  and  ailioon  carbide  in  oxygen w*1®)  and  silioon  in  water  vapour(3). 

The  agreement  includes  activation  energies  as  well  as  partioular  rates  and  involves  a  linear  as 
distinct  from  a  logarithmic  dependence  of  rate  constant  on  gas  pressure*  For  water  vapour  the 
lower  diffusion  constant  is  mors  than  counterbalanced  by  its  high  solubility  in  silica  by  comparison 
with  oxygen,  thereby  explaining  the  high  oxidation  rates  with  watsr  vapour. 

Information  on  the  behaviour  in  oarbon  dioxide  and  carbon  monoxide  is  restricted  to  brief 
statements  that  the  kinetios  of  oxidation  of  ailioon  carbide  in  oarbon  dioxide  are  similar  to  those 
for  oxygen (5),  that  silioon  reaots  with  oarbon  dioxide  aocordlng  to  a  parabolic  law  but  with  an 
extremely  low  rate  constant  and  with  the  formation  of  extremely  rough  films  V1 3),  and  that  silioon 
oarblde  is  uaattaoked  by  carbon  monoxide  at  temperatures  up  to  1 250°C'5) . 

ACTIVE  SEC-ION  The  exaot  meohanisras  by  which  SiO  forms  under  various  conditions  does  not  appear 
to  have  been  studied,  in  partioular  it  is  not  known  whether  silica  is  always  an  intermediary. 

However,  several  studies  have  demonstrated  that  silicon  and  ailioon  oarbide  reduoe  silica  at  1  300  - 
1500°C  and  it  may  be  deduoed  that  the  reaotions  still  ooour  readily  at  lower  temperatures.  Hertl 
and  ftiltiv5»1o)  have  shown  that  the  presence  of  various  gases  inhibits  the  reduction  by  silioon 
carbide,  the  sffiosoy  of  the  gases  decreasing  in  the  order  NO,  HC1,  Cl,,  CO,  N„.  These  workers 
deduoed  that  the  gases  inhibited  the  desorption  of  the  gaseous  products  and  that  in  vacua  the  rate 
determining  step  was  the  desorption  of  oarbon  monoxide.  It  should  also  be  noted  that  silica  films 
may  be  lost  with  the  formation  of  SiO  by  the  reverse  of  reaot.lon  (l ) . 

Wagner^1  ^  has  analysed  theoretically  the  active/passive  transition  for  helium-oxygen  mixtures 
and  oaloulated  the  oxygen  partial  pressures  necessary  to  form  and  maintain  a  protective  film  of  silica. 
The  pressure  neoessary  to  maintain  a  film  is  naturally  less  than  that  to  form  it,  but  unfortunately 
from  theoretioal  considerations  alone,  only  a  lower  limit  oan  be  determined  for  the  former  pressure. 
For  example  at  141 0°C,  the  melting  point  of  silioon,  oxygen  pressures  of  6.1  x  10”3  atm  and 
>  3  x  10"®  atm  are  necessary  to  form  and  maintain  respectively,  films  of  silica.  Culbransen  et  al. 
have  studied  experimentally  the  oxidation  of  silioon'10'  end  silicon  oarbide C1  9}  in  low  partial 
pressures  of  oxygen  st  1100  -  1300  C  and  obtained  good  agreement  with  Wagner's  theory  on  the  partial 
pressures  required  to  form  silica  films.  They  nave  also  shown  qualitatively  that  lowor  pressures  are 
requires  to  maintain  the  films  on  silicon  oarbide  and  have  suggested  that  traoes  of  carbon  containing 
gases  (a.g.  C0_)  markedly  Influence  the  oxidation  and  volatilisation  of  silioon  by  the  formation  of 
thin  aurfaoe  films  of  ailioon  oarbide. 

APPLICATION  OF  fSSVIOUS  WORK 

PASSIVE  REGION  At  high  oxygen  potentials  ir.  partioular  with  oxygen  and  oarbon  dioxide  at 
pressures  above  10”2  atm  ■‘■he  published  data  indicate  that  thin  protective  films  of  ailioa  should 
form  on  both  silioon  and  silioon  carbide  at  temperatures  up  to  1400°C  with  there  being  no  significant 
oorroaion  of  these  materials.  However,  quantitative  data  on  the  extent  of  the  attack  by  carbon 
dioxide  are  not  available  and  oorroaion  could  become  severe  in  the  presence  of  water  vapour.  An 
aspeot  not  clear  from  the  previous  wort  but  which  is  of  considerable  importance  in  the  application 
of  the  data,  is  the  influence  of  the  pressure  of  the  oxidant,  in  partioular  in  thr  case  of  water 
vapour. 

With  oarbon  monoxide  it  may  be  predioted  that  passive  silica  films  will  be  formed  acoording  to 
the  reaotions 

3i  ♦  2C0  — »  Si02  ♦  2C 
SIC  ♦  2C0  — »  S102  ♦  3C 

when  the  pressure  of  oarbon  monoxide  exoeeda  the  equilibrium  value, 
the  equilibrium  pressures  are  2  x  10  ,  9  x  10"3  and  4  x  10“2  atm  at 

reapaotively.  However,  st  lower  prsssvrss  or  with  low  rates  for  tne 
thsro  is  the  possibility  of  SiO  formation. 

ACTIVE  REGION  In  the  sbstnoe,  or  with  only  a  low  partial  pressure  of  an  oxidising  gas,  oorroaion 
may  be  severe  with  corrosion  rates  several  orders  of  magnitude  greater  then  those  obtsined  in  tbs 
passive  region,  due  to  the  formation  of  volatile  speoies.  Without  an  oxidising  gas,  purs  silioon 
My  volatilise  and  silioon  carbide  may  decompose  to  give  silioon  vapour  and  oarbon 

3i(a)  — >  3i(g) 

SiC(a)  31(g)  ♦  C  . (2) 

As  stated  in  the  previous  ssotions  t  low  partial  pressure  of  an  oxidising  gas  leads  to  the 
formation  of  SiO.  Th#  rate  at  whioh  the  Mteriala  oorrod*  under  these  conditions  is  governed  by  the 
partial  pressures  of  the  gaseous  speoies  st  the  eurfeoe  of  the  speoimena  and  the  diffusion  of  the 
gases  to  and  fro*  ths  aurfaoe.  The  equilibrium  gas  pressures  associated  with  the  important  reaotions 


For  example  with  silioon  oarbide 
1 000  ,  1 200  and  1 300  C 
gas/solid  intsrfsos  reaction, 
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axe  given  in  Fig.  1  (20).  The  diffusion  prooesses  would  be  influenced  by  the  preaenoe  of  an  Inert 
gas.  High  vacua  would  facilitate  fast  gas  transport  away  from  a  specimen  and  could  be  considered 
to  represent  the  worst  case.  The  maximum  free  volatilisation  rates  in  a  vaouum  can  be  oaloulated 
from  the  Langmuir  equation 


r  ,  ishsk  £ 

JW 


moles/cm 


seo. 


where  p  =  partial  pressure  of  volatilising  speoies  (atm) 
M  u  moleoulax  weight  "  "  " 


The  penetration  rates  resulting  from  the  volatilisation  of  eilioon  from  silioon  and  sllloon 
carbide  and  310  formed  by  the  relevant  reactions,  are  given  in  Fig.  2.  They  represent  maximim 
values  and  oould  be  reduoed  in  practioe,  possibly  considerably,  by  reaction  kinetics,  by  long  narrow 
diffusion  paths,  by  the  presence  of  an  inert  oover  gas  and  in  the  oase  of  SiO  by  the  supply  of 
oxidant.  With  an  inert  cover  gas  the  interdiffusion  coefficient  (D.  .)  for  the  various  volatile 
speoies  may  be  oaloulated  from  the  equation 


9.292  x 


io'S'3/2  +  ff2) 


"1-2 


P  a. 


’1-2 


(^1-2) 


where  a 


'1-2 


=  molecular  separation  at  oollision  (ft) 

—  tOwdl  pressure  (atm) 

=  energy  of  molecular  interaction  (erg) 
f  _2J=  oollision  function  evaluated  by  Treybal  (21 ) 

a  and  €  may  be  calculated  from  the  properties  of  gases  suoh  as  viscosity,  but  if  neoesaary  they  may 
be  estimated  for  each  gas  from  the  relationships 


1-2 


i 


=  0.75  T, 


orit 


«■  1 .39  T. 


bp 


1 

0.835  V* 


orit 


where  TQr^t  and  =  oritioal  temperature  and  normal  boiling  point  respectively  (ft) 

V  =  oritioal  volume  om^/mole 

It  follows  that  when  transport  through  an  inert  gas  layer  is  rate  controlling,  the  rate  is 
inversely  proportional  to  the  inert  gas  pressure  and  the  thiokness  of  the  gas  layer. 


As  an  example  the  maximum  penetration  rates  for  tbe  reactions  covered  in  Fig.  2  for  vaouum, 
have  been  oaloulated  for  a  helium  atmosphere  at  20  atm  pressure  with  a  stagnant  gas  layer  0.32  am 
thiok;  the  results  are  given  in  Fig.  3.  Points  of  particular  note  arising  from  these  figures  are 
that  the  presence  of  oxygen  atoms  available  for  the  formation  of  310  can  increase  volatilisation 
rates  by  up  t.o  4-7  orders  of  magnitude  and  the  inert  helium  atmosphere  decreases  the  rates  by  faotors 
up  to  10  • 


PASSIVE-ACTIVE  TRANSITION  REGION  The  minimum  partial  pressure  of  oxidant  whioh  will  lead  to  the 
formation  of  a  passive  silica  film  in  flowing  helium  may  be  oalo  listed  from  a  modified  theory  of 
Wagner.  Firstly  assume  equilibrium  between  silioon  or  silicon  carbide,  silica  and  SiO. 

Si  ♦  Si02  2SiO 

With  oxygen  as  the  oxidant  the  rate  of  transport  of  oxygen  atoms  to  the  surface 


"2  ^ 


late  of  transport  of  oxygen  atom.'  away 


(d^  a  diffusion  path  for  0^) 

(p 

02  »  partial  pressure  of  02 
as  SiO 


in  mein  gas  stream) 


-°3i0  (dSiO 

(p, 


SiO 


diffusion  path  for  SiO 
equilibrium  partial  pressure  of  SiO) 
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Under  steady  state  oonditions 


J?2_  fgiO  _ 

P310'DSiO  %  P°2 

With  a  turbulent  helium  gas  stream  d^jj/dp  =  1 

The  minimum  oxygen  pressure  therefore  whioh  will  lead  to  the  formation  of  a  ailioa  film  is 


pSiO 


Similarly  for  oarbon  dioxide  and  water  vapour 


pSiO 


pSiO 


The  ratios  of  the  diffusion  coefficients  in  the  equations  may  be  taken  as  0.9,  1  >2  and  1 .0  for 
oxygen,  oarbon  dioxide  and  water  vapour  respectively  in  helium  from  whioh  it  follows  that  the  oritioal 
partial  pressure  of  oxidant  leading  to  the  formation  of  a  passive  film  is,  within  an  order  of  magnitude 
similar  for  all  three  oxidants  and  approximately  equal  to  the  equilibrium  partial  pressures  of  SiO 
given  in  fig.  1 •  The  minimum  values  for  the  partial  pressure  of  oxidant  necessary  to  maintain  a 
preformed  oxide  film  may  also  be  aaloulated  from  Wagner's  paper.  However  these  calculations  do  not 
appear  appropriate  here  as  the  values  applying  in  praotioe  depend  in  a  complex  manner  on  the  diffusion 
rates  of  oxygen  and  silioon  in  the  silica  films  and  henoe  lie  between  the  calculated  minimum  pressures 
and  the  minimum  pressures  for  a  bare  aurfaoe. 


In  theory  United  volatilisation  may  still  ocour  with  passive  silioa  films  when  the  partial 
pressures  of  oxidant  are  low  but  above  the  minimum  values  to  stabilise  the  films;  this  volatilisation 
results  from  the  dissociation  of  the  ailioa  aooording  to  the  reaotion 

S102  — >  310  *  i02 

With  this  roasoning  a  given  partial  pressure  of  oxygen  should  result  in  a  steady  state  film 
thiokness  being  achieved  suoh  that  the  rate  of  film  formation  matches  the  rate  of  volatilisation. 

With  oarbon  dioxide  or  water  vapour  as  the  major  oxidant  the  associated  low  partial  pressures  of 
oxygen,  given  by  reaotions 


co2  — *  ifi2  *  CO  . (3) 

H2C  — >  ifi2  ♦  H2 

should  enhanoe  the  volatilisation.  However  in  praotioe  the  volatilisation  is  small  and  oan  usually 
be  negleoted.  for  example,  with  the  minimum  partial  pressure  of  oarbon  dioxide  nesesaary  to  form  a 
silioa  film  at  1if00°C  the  penetration  rata  resulting  from  volatilisation  would  be  x  10“*  oa/h  for 
both  silioon  oarbide  and  silioon  in  a  flowing  helium  coolant  at  20  atm. 

BgrexinagAL  raooEAjog 


In  the  present  experimental  programme  the  behaviour  of  three  materials,  a  self  bonded  silioon 
oarbide,  pure  silioon  carbide  coatings  on  uranium  dioxide  partielea,  and  pure  silioon,  baa  been 
studied  in  various  environments  within  the  temperature  range  1000  -  1300°C.  The  kinetios  of  silioa 
film  formation  have  been  determined  for  pure  oarbon  dioxide  at  0.1  and  1  atm,  for  water  vapour  at 
0.013  and  1  atm,  for  oarbon  monoxide  at  0.1  atm  and  to  a  limited  extent  for  oxygen  at  1  atm.  Also 
volatilisation  rates  in  various  veoue  have  boen  obtained  for  silioon  oarbide  with  and  without  a 
preoxidised  aurfaoe. 

TKHNIQUX3  Behaviour  at  aubatmospherie  pressures  wee  studied  by  determining  ohanges  in  weight 
of  specimens  in  vacuum  miorobslancss.  In  oasss  of  passive  oxidation  the  oxidants  wtre  statlo  with 
the  oarbon  monoxide  and  hydrogen  farmed  being  continuously  oonvsrted  to  oarbon  dioxidt  and  watar 
vapour  in  a  bed  of  ouprio  oxide  at  350°C  in  e  separate  portion  of  the  apparatus.  Other  experiments 
at  1  atm  pressure  utilised  thermal  balances  with  a  continuous  flow  of  oxidant.  The  silioon  and 
•elf  bonded  oarbide  material  were  suspended  from  alumina  rode  whilst  the  silioon  oarbide  ooated 
particles  were  contained  in  alumina  oruoiblaa  under  passivating  oonditions  and  in  graphite  oruoibles 
in  oarbon  monoxide  and  vaouum.  Uulllte  reaotion  tubes  were  used  although  with  water  vapour  theae 
had  to  be  sleeved  with  silioa  to  atop  the  transfer  of  iron  oxide  from  the  refractory  to  the  specimens 
by  the  water  vapour. 


uiTOBTtT.q  The  self  bonded  materiel  was  fully  dense  end  oonelsted  of  equal  portions  of  a  and  0 
silicon  oarbide  with  a  snail  amount  of  free  silieon.  The  materiel  was  tested  in  the  fora  of  seotlons 
out  longitudinally  from  tubes  1 .3  on  disaster  0.1 3  om  wall  thickness.  The  inner  surfaoe  was  in  the 
as-reoeired  oondition  whilst  the  outer  surfaoe  was  ground  smooth.  There  was  a  rim  SO^m  thiok  on  the 
inner  surfaoe  which  was  rioh  in  the  silicon  phase,  the  volume  oonoentrations  of  silioon  in  this  rim 
and  the  remainder  of  the  material  being  23  and  Tfi  respectively. 

The  ooatod  partioles  oonsisted  of  800 disaster,  3%  dense  spheres  of  uranium  dioxide  ooated 
first  with  a  30y»  thiok  layer  of  porous  pyrolytic  oarbon,  then  a  60 thiok  layer  of  dense  pyrolytio 
oarbon  and  finally  a  40 |jm  thiok  layer  of  6  silieon  oarbide.  The  silioon  oarbide  was  obtained  by  the 
deoomposition  of  isethyltriohlorosilane  in  hydrogen  at  1300°C  and  ohemioal  analysis  lndioated  that  it 
might  have  oontained  some  (  0 %)  exoess  oarbon. 

The  silioon  was  semioonduetor  grads  >99. 999^  Si  obtained  from  Kooh-Light  Laboratories  in  the 
form  or  small  bars.  Speoimens  in  the  form  of  dises  were  out  from  the  bars  on  a  slitting  wheel  and 
degreased  before  testing. 

results 

PASSIVE  REGION  The  formation  of  allies  films  in  oarbon  dioxide  or  water  vapour  usually  obeyed 
a  parebolio  law  up  to  at  least  500h  and  in  many  instances  up  to  lOOOh  exposure,  although  in  soew 
oases  during  the  latter  stages  of  oxidation  tha  reaction  rates  deoreeaed  at  a  greater  rate  than  is 
predioted  by  a  parabolic  law.  for  convenience  therefore  the  data  are  reported  in  the  form  of 
parebolio  rate  oonstents,  the  use  of  whloh  oould  in  some  instances  lead  to  over-estimates  of  the 
extent  of  the  oxidation. 

An  interpretation  of  the  weight  gain  data  together  with  a  comparison  of  the  behaviour  of  silioon 
oarbide  with  silioon,  necessitates  knowledge  of  the  behaviour  of  the  carbon  in  the  silioon  oarbide 
on  oxidation  of  the  silioon  atoms.  Accurate  data  on  this  point  oould  only  be  obtained  for  oxidation 
by  water  vapour  where  any  oarbon  released  to  the  gas  phase  formed  oarbon  dioxide  whioh  oould  be 
subsequently  oolleoted  and  measured.  The  results  given  in  Table  I  demonstrate  that  within  experimental 
error  the  oarbon  freed  from  the  silicon  atoms  by  tha  formation  of  silica,  transferred  to  the  gas 
phase  rather  than  remaining  as  carbon  within  the  specimen  or  reacting  with  free  silioon  to  form  fresh 
silioon  oarbide.  Here  it  should  be  noted  that  the  oarbon  release  exceeded  slightly  the  predioted 
values,  especially  when  the  presence  of  the  free  silioon  in  tha  tubs  material  ia  taken  into  aooount; 
however  the  limits  of  error  are  auoh  that  further  discussion  of  this  point  is  not  warranted  other 
than  to  suggest  that  the  discrepancy  oould  be  assooiated  with  a  slight  exoess  of  oarbon  in  the  oarbide 
materials.  On  the  basis  therefor#  of  Table  I,  together  with  the  published  literature,  it  has  baan 
assumed  that  the  carbon  ia  transferred  stoiohiomstriially  to  the  gas  phase  during  silioa  film 
formation  in  all  the  environments,  and  the  parabolic  rata  constants  hive  been  presented  far  oonvenlenoe 
in  terms  of  the  calculated  silica  film  thickness. 

TABLE  I 

Release  of  oarbon  from  silioon  oarbide  oxidised  in  water  vapour 
at  0.013  atm 


Material 

Oxidation  oondition# 

yg/oar 

Carbon  released 
Mg/om2 

Predioted  oarbon* 
release  Mg/om* 

SIC  tub* 

1 300°C  496h 

128  ♦  10 

85  +  1 

76  ♦  6 

I* 

ft 

1200°C  381  h 

81  ♦  1° 

47  ♦  1 

i+B  ^  6 

ft 

ft 

1000°C  500h 

47  ♦  5 

26  ♦  1 

28+3 

SIC  p*rtlol«a 

1 300 °C  *92h 

137  ♦  20 

95  ♦  2 

62  +  12 

M 

ii 

1 200 °C  475h 

121  ♦  10 

74  ♦  1 

73+6 

ft 

ft 

1C00°C  743h 

46  ♦  5 

29  ♦  1 

27+3 

*  Tha  predieted  oarbon  release  is  based  upon  the  assumptions  that  the  surfaoe  is  o orn posed 
entirely  of  stoiehiometrio  SIC  and  that  oxidation  of  the  silieon  atoms  results  In  the 
releeee  to  the  gas  phase  of  the  associated  carbon  stoma. 


The  results  obtained  for  oarbon  dioxide  it  temperatures  of  1000  -  1  >'0°C  ire  sumrised  in 
Pig.  4  together  with  the  date  published  for  oxygen  by  Motsfeldtl10'.  Appreciable  Matter  was 
obtained  whioh  it  ia  believed  results  primarily  from  tha  small  amount  of  reaction.  Essential 
features  of  the  results  wars  that  there  was  no  significant  influence  of  oarbon  dioxide  pressure 
over  the  range  0.1  -  1  eta  and  the  reeotivitiea  of  silioon  and  silioon  carbide  wore  similar  at 
1200  -  1J00°C,  indicating  that  the  release  of  oarbon  to  the  ges  phase,  and  therefore  ita  peerage 
through  the  silioa  films,  did  not  affect  the  protective  properties  of  the  films,  although  there  wee 
an  indication  that  silioon  might  be  more  reactive  than  its  oarbide  at  1000°C.  The  rate  constants 
published  for  agrgen  ot  1  atm  were  greeter  then  those  obtained  for  oarbon  dioxide  by  e  factor  of 
approximately  20,  whilst  tha  activation  energies  for  the  two  gases  were  Mailer.  To  waure  that 
the  behaviour  of  the  materiel*  under  investigation  was  typical  of  the  material*  covered  in  th« 
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previous  studies,  their  behaviour  in  oxygen  at  1  atm  at  1200  C  was  determined  and  as  shown  in  Fig.l 
was  found  to  agree  well  with  the  data  summarised  by  Motrfeldt.  In  view  of  the  belief  of  Gulbransen 
et  al.  that  carbon  is  transferred  t  -  silioon  from  carbon  containing  gises,  two  experiments  were 
oarried  out  with  silicon  in  carbon  dioxide  labelled  with  1^C.  The  oo».  'it ions  were  355h  at  1000°C, 
and  43h  at  1200°C  followed  by  I90h  at  1300°C.  The  final  weight  gains  were  110  and  60  ys/ cn2 
respectively.  Surface  oounting  gave  the  carbon  piok-ups  as  0.06  (jg/cm2  for  both  specimens 
demonstrating  that  the  carbon  transfer  represented  <0.1$  of  the  weight  gain. 

The  behaviour  in  water  vapour  has  been  studied  over  the  temperature  range  1000-  1300°C  at 
0.013  and  1*0  atm  pressure.  The  parabolic  rate  constants  obtained  are  sumnarited  in  Fig.  3  together 
with  the  data  of  Deal  and  Grove  for  silioon  in  1  atm  of  water  vapour.  Unlike  the  results  for  oarbon 
dioxide  there  was  a  pronounced  dependence  of  the  rate  constant  on  pressure  of  water  vapour  with  the 
values  for  the  lower  pressure  being  of  the  same  order  as  those  for  oarbon  dioxide.  The  slight 
difference  in  behaviour  between  silicon  and  silioon  carbide  obtained  in  carbon  dioxide  at  the  lowest 
temperature,  1000°C,  was  accentuated  such  that  silioon  was  substantially  more  reactive  than  its 
oarbide  at  both  pressures  at  this  temperature,  but  not  at  higher  temperatures.  The  protective 
character  of  the  silica  reaction  product  increased  with  temperature  as  the  log  (k)  against  =  plots 
for  silioon  carbide  (Fig  3)  appeared  to  flatten  at  the  higher  temperatures  or  in  the  case  1  of 
silioon,  had  a  positive  slope  such  that  reaction  rates  decreased  as  the  temperature  increased.  To 
obtain  more  information  on  the  influence  of  pressure  experiments  were  oarried  out  with  silioon  at 
1000°C  in  which  the  pressure  was  increased  from  2.6  x  10*3  to  2.6  x  10"2  atm  during  the  oxidation. 
The  parabolio  plots  (Fig.  6)  demonstrate  the  marked  pressure  dependence  and  confirm  the  greater 
resotivity  at  the  lower  temperature.  All  the  results  on  the  influence  of  pressure  for  silicon 
h^ve  been  plotted  in  Fig.  7;  the  graph  demonstrates  that  the  data  may  conveniently  be  expressed  by 
an  equation 
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where  n  equals  0.67  at  both  1000°  and  1200°C.  The  limited  results  available  for  silicon  carbide 
indicate  that  a  similar  dependence  an  pressure  applies  for  this  material. 

A  selection  of  the  specimens  oxidised  in  carbon  dioxide  and  water  vapour  was  examined  by  the 
Veissenberg  X-ray  camera  technique  to  identify  the  silica  corrosion  product.  In  no  instance  was 
evidence  obtained  for  the  presence  of  appreciable  amounts  of  amorphous  oxide.  With  both  silicon 
and  silioon  carbide  in  water  vapour  a  oristobalite  was  the  predominant  phase.  For  silicon  in  watero 
vapour  the  presence  of  one  line  Indicated  the  presence  also  of  a  quart*  or  tridymite  at  1 200  -  1 300  C 
whilst  two  broad  diffractions  at  4.95  and  3.64  *  indicated  an  unidentified  phase  for  temperatures 
of  1000  -  1 200°C,  With  silicon  in  carbon  dioxide  diffraction  lines  were  obtained  on  various 
specimens  corresponding  to  botk  a  oristobalite  and  tie  unidentified  phase. 

The  primary  experiments  with  oarbon  monoxide  were  carried  out  with  the  gas  at  0.1  atm  for 
lOOh  in  a  microbalance.  The  self  bonded  oarbide  was  exposed  at  1000°  and  1200°C  and  the  coated 
partioles  at  1000°,  1200°  and  1 300°C.  In  all  instances  the  weight  changes  were  small  and  could  be 
represented  by  a  gain  or  loss  within  the  limits  of  error  of  ♦  10  (jg^om2.  With  a  pressure  of  0.013 
ata  appreciable  weight  losses  were  obtained  due  to  the  formation  of  SiO;  experiments  with 
labelled  gas  established  that  the  SIO  was  formed  by  reaction  with  gaseous  impurities  in  the  containment 
rather  than  with  the  oarbon  monoxide  as  oarbon  was  not  deposited  from  the  gas  phase. 

ACTIVE  REGION  The  initial  experiments  on  aotive  oxidation  were  carried  out  with  a  specimen 
of  the  self  bonded  silioon  oarbide  tube  lVom  whioh  the  majority  of  the  free  silicon  had  been  removed 
by  prior  heat  treatment  in  vaouum  at  1300  -  1400°T.  This  specimen  was  heated  in  vacua  of  10~°  -  i0“' 
atm  obtained  with  rotary  and  mercury  diffusion  pumps  and  a  liquid  nitrogen  trap  end  the  rate  of  weight 
lots  determined  ovar  the  temperature  range  1000  -  1300°C.  The  rates  were  linear  and  not  notioeably 
dependent  on  the  partial  pressure  of  gas  in  the  system  within  the  above  range.  They  were  attributed 
solt-y  to  reaction  at  the  geometrio  aurfaoe,  the  contribution  from  the  pores  created  by  the  removal 
of  the  silioon  being  oonsidared  small,  as  the  mean  free  path  of  the  gas  molecules  was  large  by 
comparison  with  the  dimensions  of  the  pores,  and  metallographlo  evidcnc  indicated  no  enlargement  of 
the  pores  during  the  experiments.  The  rates  are  eummariied  as  a  function  o 1  temperature  in  Fig.  8, 
together  with  the  maximum  theoretical  rate  which  oould  be  obtained  by  dissociation  of  silioon  carbide 
according  to  reaotion  2.  The  high  values  obtained  indicated  that  appreciable  ameunta  of  S10  were 
formed  under  theae  conditions.  Further  experiment*  in  which  a  tantalum  getter  was  plaoed  in  the 
neighbourhood  of  the  apeolaen  confirmed  this  view,  in  that  the  rates  were  lowered  by  a  fretor  *  1C 
whilst  the  gaa  pressure  eaa  reduoed  to  1C*'  -  10”°  atm  by  the  getter.  These  lower  rates  oould  still 
be  due  to  310  formation  or  to  diesooietion  of  silicon  carbide  aooording  to  reaction  2  together  with 
the  volatilisation  of  small  isolated  particles  of  alllcon  freed  by  either  of  the  other  two  reaotlone. 
To  dlatlngulah  the  latter  possibility  experiments  were  carried  out  at  1200°  and  1300°C  with  silioon 
oarbide  ooated  part  loin  in  a  graphite  eruoible  in  the  gettared  system.  The  weight  loss  wet  not 
measurable  (i.e.  rate  <  0.1  ygTomrh)  at  1200°C  but  was  significant  at  i30O°C  (Fig.  6).  From  tnese 
results  it  was  concluded  that  the  dieaooiation  of  ollieon  oarbide  may  take  place  to  a  limited  extent 
at  1 3O0°C  but  doee  not  occur  at  1 200°C. 

To  obtain  data  on  the  reduction  of  silica  by  alllooc  oarbide,  the  specimen  of  the  tube  material 
used  in  the  previous  experiment*  was  oxidised  in  air  at  12C0°C  end  it*  volatilisation  behaviour  then 
studied  in  the  fettered  system.  The  rates  of  weight  loss  obtained  were  0.37,  4-10  and  30-30  ug/om*h 
at  1000°,  1200°  *-d  1  J00°C  respectively,  and  hence  were  slightly  less  than  those  for  the  unoxldised 
silioon  oarbide  in  the  unfettered  system.  On  completion  of  the  reduction  the  rates  returned  to  the 
original  value*  for  the  unoxldised  reate-iel  in  the  fettered  system  (s.g.  0.6  ugAurh  et  1200°C). 

Limited  experiments  with  the  partioles  preoxldWd  in  carbon  dioxide  at  i  300°C  confirmed  the  previous 
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data  at  120Q°C,  with  a  rale  of  26  u^oj^h,  but  gave  no  significant  reaction  At  1000°C  (i.i.  rate 
<  0*1  &/ oarh)* 

DISCUSSION 


The  results  obtained  have  fully  substantiated  the  excellent  protective  character  of  the  silica 
films  formed  on  silicon  and  silicon  carbide.  The  high  reactivity  of  water  vapour  by  comparison  with 
other  environments  and  the  inert  behaviour  of  oarbon  monoxide  are  in  agreement  with  previous  work 
whilst  the  dats  obtalnsd  on  the  influence  of  partial  pressure  of  water  vapour  represent  a  compromise 
between  the  various  sets  of  published  work.  However  a  clear  inooasistcnoy  arises  with  the  reaction 
rates  for  silicon  in  water  vapour  decreasing  as  the  temperature  increases,  such  that  the  parabolic 
rate  constant  for  1200^0  and  1  atm  pressure  is  less  then  the  value  given  by  Deal  end  Drove  by  a 
factor  of  10*  No  explanation  can  be  offered  for  this  discrepancy  although  it  should  be  pointed  out 
that  high  rates  comparable  with  those  of  Deal  and  Drove  were  obtained  for  both  silicon  end  silicon 
carbide  at  1200°C  when  the  water  vapour  was  contaminated  with  air*  The  unusual  temperature  dependence 
must  be  due  to  differences  in  the  structure  of  the  films  at  different  temperatures,  leading  to  more 
protective  films  at  the  higher  tempers tures.  The  indication  of  some  tridyaite  or  quarts  at  the 
higher  temperatures  together  with  the  observation  of  Jorgensen^  that  oristoballte  has  poor  protective 
properties  is  consistent  with  this  reasoning* 

A  point  of  considerable  interest  is  the  mechanism  of  growth  cf  the  films.  Harder  experiments 
previously  have  demonstrated  that  growth  occurs  ut  the  inner  film  surface  with  the  passage  of  oxygen 
through  the  films.  Hewir,  the  mechanism  by  which  this  diffusion  ooours  is  not  kn<*>wn  although  It 
must  be  tied  to  the  form  in  which  the  oxygen  enters  the  silica.  On  the  Wagner  lattice  defect  model 
oxygen  ions  wi-uld  diffuse  by  lattice  vacancies  and  the  parabolic  rate  constant  would  be  almost  5n- 
dependent  of  •  Alternatively  the  gases  could  dissolve  in  or  react  with  the  silica  and  then 
diffuse  as  2  molecules,  ions  or  at 'ms.  Per  example  water  va;  our  could  react  to  form  hydroxyl  ions 
according  to  the  reaction 


Si  -  0  ♦  H20  — >  20H"* 

Per  these  .att*.*r  ojsibilites  the  :  are  bo  lie  rate  enrv  tanta  would  be  directly  proportional  to  gas 
pressure  for  the  diffusion  cf  ga3  ameculea  cr  ;  ror  ort;  ona;  to  the  square  root  of  pressure  for 
oxygen  and  water  va;  our  dissolved  as  a  tow  s  or  hydir  •  '  ions  respectively.  In  this  context  the  data 
for  carbcn  dioxide  and  oxygen  nay  be  cenveni er.tiy  compared  on  the  basis  of  oxygen  .artial  pressure. 
'.<ith  carbon  dioxide  at  0.1  atm  the  artial  pressure  of  oxygen  ;n  the  gas  according  to  reaction  3  i-* 

3  x  10'-  atm  at  1  200*?C.  The  difference  in  rate  constant  between  oxygen  at  1  atm  and  carbon  dioxide 
at  0.1  atm  is  approximately  a  factor  of  20  and  nence  if  the  corrosion  in  both  cases  is  governed  by 
the  oxygen  potential  cf  the  gas,  the  ie-  endence  .  n  the  ux  gen  -artial  pressure  loss  not  _gree  with 
any  of  the  jropoaala.  The  high  reactivity  of  water  va;  our  although  it  has  a  low  oxygen  potential 
establishes  that  a  spec;a*.  mechanism  arplics  for  this  corrodent.  The  formation  and  diffusion  of 
hydroxyl  ions  arrears  the  most  -!kelv  mechanism  -ith  the  pP*£7  de:.e:idence  for  the  rate  constant 
rather  than  pp*g  indicating  that  not  all  the  hyiroxy*  icn*  are  identica.  and  able  to  partake  in 
th**  growth  of  2  the  films. 

Other  points  of  interest  which  are  probably  related  are  the  mechanisms  of  transfer  of  carbon 
through  the  films  to  the  gas  phase  during  the  oxidation  of  silicon  carbide  and  the  reasons  for  the 
different  reactivities  of  silicon  and  silicon  cafbide  in  water  vapour  at  1000°C.  None  of  the  data 
however  provides  positive  information  on  these  points* 

For  the  active  region  reaction  rates  of  silicon  carbide  in  poor  vacua  were  high  as  expected, 
but  were  considerably  less  than  the  maximum  theoretical  rates  in  Fig.  2  (i*e.  by  a  factor  of  10^) 
showing  *hat  reaction  was  not  controlled  by  the  gaseous  diffusion  of  SiC  away  from  the  specimen* 

Also  the  rates  were  unlikely  to  heve  been  controlled  by  the  supply  of  oxidant  as  they  were  not 
significantly  affected  by  gas  pressure*  However  their  similarity  with  the  rates  of  reduction  of 
prcforcad  silica  films  in  high  vacua  indicate  that  during  active  exiiation  silica  is  an  intermediary 
and  the  solid/solid  reaction  is  the  rate  determining  step.  Further  it  may  be  deduced  from  the  work 
of  hertl  and  Hilts  that  the  alorest  step  in  this  reaction  is  tile  desorption  of  the  gaseous  products, 
ana  that  the  basic  cons  Herat  i  cr.  *  .  r.  the  previous  section  on  the  active-passive  transition  are  not 
applicable  in  their  present  forr.. 
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SUMMARY 


THE  OXIDATION  PROPERTIES  OF  NIOBIUM  were  studied  in  the  temperature  range  350°  - 
600°C  at  an  oxygen  pressure  of  380  Torr.  Particular  emphasis  was  placed  on 
correlating  the  reaction  products  with  the  oxidation  kinetics.  The  oxidation 
rate  in  this  temperature  range  is  predominantly  time  independent,  and  a  sharp 
change  in  the  temperature  dependence  of  this  linear  rate  has  been  detected  at 
440°C.  On  the  basis  of  kinetic  and  metallographic  evidence  it  is  considered 
that  above  this  temperature  the  linear  rate  is  of  the  type  known  as  "paralinear" 
in  which  the  reaction  rate  is  controlled  by  the  diffusional  properties  of  the 
oxide  layer  in  contact  with  the  metal  phase.  Below  440°C  the  morphology  of  the 
reaction  products  is  quite  different  and  it  appears  that  the  reaction  rate  is 
controlled  by  a  surface  reaction  at  an  oxide-gas  interface.  After  long  periods 
of  oxidation  at  temperatures  above  440°C  a  localized  breakaway  reaction  occurs. 
This  breakaway  reaction  is  an  extreme  form  of  grain  boundary  attack  and  causes 
severe  specimen  self-heating.  However,  no  evidence  was  found  of  a  fundamental 
change  in  the  rate  controlling  mechanism  throughout  this  transition. 
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THE  OXIDATION  BEHAVIOUR  of  niobium  has  been  studied  by  many  workers,  and  the 
'literature  was  reviewed  most  recently  by  Kofstad  (1) .  Niobium  exhibits  unusual 
oxidation  features,  for  at  each  temperature  and  oxidation  pressure  the  oxidation 
rate  is  found  to  follow  a  complex  series  of  time  laws.  Tnis  paper  describes  an 
investigation  into  the  oxidation  behaviour  of  niobium  in  the  temperature  range 
350°-600°C ,  at  oxygen  pressures  near  atmospheric,  for  times  .from  10  seconds  to 
1  month.  The  field  under  study  is  characterized  by  a  time  independent  rate 
(linear  reaction  rate  law) ,  which  is  preceded  by  a  period  (a  few  minutes  at  600°C 
and  days  at  350  C)  of  non-linear  behaviour.  After  extensive  oxidation  at 
temperatures  above  440°C  a  second  breakaway  reaction  occurs.  The  major  part  of 
the  weight  gain  is  associated  with  the  formation  of  niobium  pentoxide  although 
oxygen  is  also  consumed  by  the  formation  of  sub-oxides  and  by  solution  in  the  metal 
phase.  Although  there  is  good  agreement  between  previous  studies  on  the  rates  of 
oxidation  and  types  of  time  laws  observed  at  various  oxidation  conditions,  there  is 
no  agreement  as  to  the  physical  events  nor  the  nature  of  the  rate  controlling  steps 
associated  with  each  stage.  Particular  areas  of  disagreement  are:  (i)  the  reaction 
products  formed  during  the  pre-transition  period,  (ii)  the  mechanism  of  the 
transition  to  linear  oxidation  kinetics,  (iii)  the  rate  controlling  step  during 
linear  oxidation. 

Earlier  work  by  the  author  on  the  morphology  of  the  products  of  reaction 
elucidated  the  mechanism  of  oxidation  in  the  temperature  range  625°C-825°C.  In  the 
temperature  range  720°-825°C  (2)  it  was  found  that  the  niobium  pentoxide  scale  grows 
protectively  when  not  too  close  to  sharp  changes  of  radii  on  the  specimen,  and  that 
the  parabolic  rate  constant  of  its  formation  was  pressure  sensitive.  Extension  of 
this  work  to  lower  temperatures  (3)  where  the  parabolic  oxidation  breaks  away  to 
linear  kinetics  revealed  that  during  the  initial  parabolic  oxidatior  period  the 
scale  appears  compact,  and  at  the  transition  to  linear  kinetics  the  scale  blisters 
and  cracks.  Scale  formed  durinq  linear  oxidation  grows  in  a  series  of  crude  layers. 
Because  of  the  correlation  between  the  morphology  of  the  oxide  scale  with  the 
variations  in  the  weight  gain  curve  it  was  proposed  that  the  oxidation  reaction 
was  an  example  of  the  class  of  oxidation  reactions  known  as  "paralinear"  in  which 
a  layered  oxide  scale  emanates  from  the  growth  of  the  oxide  to  a  critical  thickness, 
cracking  and  regrowth  of  the  adherent  oxide  to  the  critical  thickness  when  the 
cycle  repeats. 

The  columnar  grain  structure  across  the  layered  niobium  pentoxide  scale 
indicated  that  there  would  be  no  pause  in  the  reaction  rate  associated  with  the 
nucleation  of  new  oxide  layers,  and  further,  the  layer  of  oxide  in  contact  with 
the  metal  phase  was  not  observed  to  be  significantly  thicker  than  the  other  layers. 
It  follows  that  the  "paralinear"  oxidation  rate  Kl  should  be  related  by  the  mean 
oxide  layer  width,  a  ,  to  an  underlying  parabolic  rate  constant,  Kp ,  for  the 
reaction  by  the  equation 

Kl  =  Kp/w 

c 

2 

Kp  and  Kl  are  defined  by  the  equations  w  =  Kpt  +  a 

w  =  Kit  +  b 

respectively;  w  is  the  weight  of  oxygen  absorbed  at  time  t,  and  a  and  b  are 
reaction  constants. 

The  good  agreement  found  between  the  derived  parabolic  rate  constant, 

Kp ,  and  that  measured  from  weight  gain  determinations,  Kpv,  confirmed  the  para¬ 
linear  mechanism,  indicating  that  the  rate  of  reaction  is  controlled  by  diffusion 
across  the  layer  of  oxide  that  is  in  the  process  of  growing.  This  agreement  has 
been  improved  (Fig.  15)  by  the  use  of  a  more  recent  determination  of  the  density 
of  T-Nbs0 s  (notation  of  Schafer  et  al.  (5)),  by  Terao  (6). 

Below  625°C  the  disappearance  of  layers  of  NbP  and  NbO ,,  from  the 
reaction  zone  causes  an  abrupt  increase  in  the  linear  reaction  rate  and  the  derived 
parabolic  rate  constant  Kp .  Although  the  scale  formed  during  linear  oxidation  had 
essentially  the  same  morphology  as  that  formed  at  higher  temperatures,  the  diffi¬ 
culty  in  obtaining  an  initial  parabolic  rate  constant,  Kpv,  prevented  confirmation 
of  the  continued  operation  of  the  paralinear  oxidation  mechanism.  This  paper 
describes  a  further  study  of  the  pre-linear  and  linear  behaviour  in  the  temperature 
range  450°-  600°C,  and  extends  the  morphological  study  of  the  reaction  products 
down  to  350°C. 

EXPERIMENTAL:  THE  NIOBIUM  SHEET  used  was  produced  by  Fansteel  and  had  a  strong 
{100}<011>  annealing  texture.  An  analysis  of  the  major  impurities  as  supplied  by 
the  manufacturer  is  shown  in  Table  1,  Specimens  we  e  cut  in  the  form  of  squares 
measuring  approximately  2  x  2  x  0.1  cm.  Unless  oth< rwise  stated,  specimens  were 
prepared  fox  oxidation  by  abrasion  up  to  600  grade  silicon  carbide  paper,  followed 
by  electropolishing  for  30  sec  in  a  nitric  acid  -  30%  hydrofluoric  acid  electrolyte 
at  24v  using  a  carbon  cathode. 
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The  kinetics  of  oxidation  were  examined  in  a  volumetric  type  of 
apparatus.  Experimental  runs  were  initiated  by  admitting  oxygen  to  a  specimen 
brought  to  temperature  under  vacuum.  Estimates  of  self-hsating  during  reaction 
were  made  by  embedding  the  head  of  a  Pt/Pt-Rh  thermocouple  in  a  small  hole  in  each 
test  specimen.  After  reaction  all  the  specimens  were  examined  metallographically . 

EXPERIMENTAL  RESULTS:  A  SERIES  OF  SPECIMENS  was  oxidized  at  380  Torr  oxygen  at 
approximately  25  deg  C  intervals  over  the  temperature  range  450°-  650°C  to  measure 
specimen  self-heating.  These  specimens  were  not  prepared  beyond  abrasion  on  600 
grade  silicon  carbide  paper.  The  difference  in  temperature  between  the  specimen 
and  furnace  was  found  to  be  a  complicated  function  of  oxidation  time  and  tempera¬ 
ture,  and  examples  are  shown  in  Fig.  1.  The  curves  show  a  variety  of  inflexions 
depending  upon  the  furnace  temperature,  but  duplicate  specimens  at  the  same 
temperature  agree  very  well  both  to  the  time  of  occurrence  and  size  of  the  in¬ 
flexions.  The  significance  of  these  results  will  be  considered  from  two  points  of 
view,  (a)  the  effect  of  self-heating  on  the  kinetics  of  oxidation,  and  (b)  the 
insight  given  to  the  events  occurring  during  oxidation. 

Below  525°C  self-heating  is  small  and  kinetically  insignificant.  At 
550°C  the  initial  temperature  rise  of  25  deg  C  falls  to  within  5  deg  C  of  the 
furnace  temperature -after  110  seconds,  but  after  30  minutes  of  oxidation  the 
temperature  slowly  rises  to  10  deg  C  above  the  furnace  temperature  over  the  next 
100  minutes.  This  slow  rise  is  attributed  to  thermal  insulation  of  the  specimens 
by  the  growing  oxide  scale.  Above  575°C  the  slow  temperature  rise  due  to 
"blanketing"  is  important  immediately  after  a  second  temperature  maximum  occurring 
at  3  min  oxidation.  Specimen  temperatures  are  always  at  least  6  deg  C  above  the 
furnace  temperature  and  later  in  the  reaction  this  rises  to  20  deg  C,  Above  625°0 
as  described  previously  (3) ,  only  one  temperature  maximum  occurs  and  the  specimen 
then  cools  to  within  a  few  degrees  of  the  furnace  temperature.  The  breakaway 
reaction  occurring  at  long  oxidation  times  (7,8)  causes  large  self-heating  effects 
and  a  consequence  of  this  will  be  discussed  later. 

Measurements  of  self-heating  at  various  oxygen  pressures  were  made  at 
586°C  on  specimens  in  the  fully  blanketed  condition,  and  these  values  are  given  in 
Table  2.  Also  given  in  Table  2  is  the  enhancement  in  rate  to  be  expected  from  the 
known  temperature  coefficient  of  the  reaction  due  to  this  self-heating.  Although 
the  enhancement  is  not  large  it  should  be  incorporated  in  detailed  studies  of  the 
mechanism  of  the  effect  of  pressure  on  the  rate  of  reaction. 

At  temperatures  below  525°C  a  notable  feature  is  the  occurrence  of  a 
second  temperature  maximum  higher  than  the  first.  For  instance  at  500°C  the  first 
peak  at  12  sec  with  a  temperature  of  1.2  deg  C  in  excess  of  the  furnace  temperature 
is  followed  by  a  second  maximum  of  6.9  deg  C  at  14  sec.  Examination  of  specimens 
suggest  that  the  first  peak  is  caused  by  the  initial  oxygen  adsorption  (9)  and  the 
second  peak  by  the  major  oxide  nucleation  event.  Traces  of  this  behaviour  can  be 
seen  on  the  initial  temperature  rise  at  temperatures  up  to  600°C,  see  Fig. 7.  585°C 
curve . 


One  of  the  main  purposes  of  this  work  was  to  look  for  protective  oxide 
formation  early  in  the  reaction  so  that  measured  values,  Kp v,  could  be  compared 
with  parabolic  rate  constants,  Kp ,  derived  from  the  subsequent  linear  rates  of 

reaction.  For  this  discussion  it  is  useful  to  know  that  the  oxide  layers  formed 

during  linear  oxidation  were  about  ly  thick  at  400nC  increasing  to  about  2u  at 
600°C,  i.e.,  weight  gains  of  1.75  to  3.5  x  10“4g (0) cm”2  respectively.  Series  of 
specimens  with  different  surface  preparations  were  reacted  in  380  Torr  oxygen  for 
short  times  in  the  temperature  range  400°-  600°C.  At  temperatures  below  500°C  for 
weight  gains  of  less  than  3  x  10”^g(0)cm~-  the  metal  grains  showed  bright  inter¬ 
ference  colours.  These  films  have  been  observed  previously  (9,10),  but  have 
eluded  identification.  At  weight  gains  of  about  5  x  10“5g  (o) cm-2  isolated  growths 
of  niobium  pentoxide  were  observed,  and  lateral  spreading  and  thickening  of  these 
growths,  to  the  extent  of  layering  several  times  t.nnk  p  1  .•:<•<•  .it  limber  i-f.-i «• »  ion 
times.  Fig.  2.  Several  grains  vere  remarkably  slow  to  change  to  the  rapid 

oxidation  mode,  remaining  with  a  gold  coloured  interference  film  in  one  instance 

for  30  days  at  350°C.  X-ray  examination  indicated  that  the  oxidation  resistant 
grains  had  a  (100)  orientation  agreeing  with  the  results  of  Pawel  et  al.  (11). 
Changing  the  surface  preparation  to  abraded  or  mechanically  polished  speeded  the 
transition  to  rapid  oxidation  but  did  not  prevent  uneven  attack  in  the  early  stages. 
The  influence  of  specimen  preparation  on  the  kinetics  of  oxidation  is  seen  in 
Fig.  3. 


At  550°C  after  10  seconds  of  oxidation,  polished  specimens  still  showed 
anisotropic  oxidation  to  the  extent  of  gold  grains.  Ground  specimens  oxidized 
more  uniformly,  but  because  of  the  irregularity  of  the  interface  the  first  layers 
that  formed  had  no  long  range  continuity  and  were  very  thin.  At  600°C  polished 
specimens  formed  a  uniform  layer  of  niobium  pentoxide  within  the  first  seconds  of 
reaction.  As  far  as  can  be  determined  within  the  confines  of  the  non-isothermal 


reaction  conditions  the  oxide  grew  at  a  parabolic  rate  with  a  rate  constant  of 
4.0x10  9g (0) 2 .cm"4 . sec"  .  Later  in  the  reaction  this  oxide  blistered  and  cracked 
away  from  the  metal  in  a  manner  quite  analogous  to  the  paralinear  behaviour 
observed  at  higher  temperatures  (3) . 

To  examine  the  morphology  of  scales  formed  on  specimens  reacted  for 
longer  times  a  series  of  specimens  was  oxidized  at  380  Torr  at  approximately 
25  deg  C  intervals  over  the  temperature  range  350  -  600  C  to  a  weight  gain  of 
about  0.02g/cm-2.  Further  specimens  were  oxidized  as  required  for  specific  times 
and  temperatures.  The  initial  stages  of  typical  weight  gain  curves  are  shown  in 
Fig.  4.  and  as  far  as  can  be  estimated  there  is  good  agreement  between  these  values 
and  previous  investigations  (7-15).  After  the  formation  of  about  lQp  of  niobium 
pentoxide  the  reaction  rates  are  time  independent  and  the  values  of  Kl  obtained 
are  plotted  in  Fig.  5.  An  abrupt  change  can  be  seen  in  the  temperature  coefficient 
of  the  reaction  at  about  45Q°C,  and  much  of  the  remainder  of  this  study  is  concerned 
with  observations  relating  to  this  transition.  After  reaction  for  several  hours 
at  temperatures  above  450  C  the  second  breakaway  reaction  reported  previously  by 
Kolski  (7)  and  by  McLintock  and  Stringer  (9)  was  observed. 

A  striking  change  in  the  morphology  of  the  niobium  pentoxide  scale 
was  observed  between  specimens  reacted  above  and  below  440°C,  whereas  changes 
within  the  temperature  ranges  440°-  600°C  and  ?50°-  440°C  are  comparatively  minor. 
The  scale  formed  on  specimens  reacted  in  the  high  temperature  range  is  thicker  at 
specimen  corners  and  edges  than  on  the  main  faces,  Fig.  7a.  The  scale  contains 
blister  type  fractures  running  parallel  to  the  surface  over  distances  of  at  least 
one  metal  grain  diameter  giving  the  scale  a  laminar  appearance.  Fig.  6.  The  width 
of  these  laminations,  ua  ,  is  used  to  derive  the  parabolic  rate  constant  Kp  and  it 
was  therefore  important  to  determine  that  the  scale  is  sound  between  blisters. 

This  was  verified  from  the  appearance  of  the  scale  in  the  scanning  electron 
microscope.  Fig.  9.  The  metal-oxide  interface  is  comparatively  flat  on  a  micro¬ 
scopic  scale,  Fig.  fa  and  only  part  of  the  adjacent  layer  of  oxide  appears  dark 
in  polarized  light.  Fig.  8b. 

In  contrast  the  scale  formed  on  specimens  reacted  in  the  low  temperature 
range  does  not  show  enhanced  oxidation  at  specimen  corners.  Fig.  7b,  The  structure 
of  the  scale  varies  in  appearance  with  the  reaction  temperature.  At  430°C  blisters 
are  present  but  do  not  appear  to  be  joined  by  cracks,  Fig.  10a.  At  375°-  400°C 
the  scale  is  crudely  layered  but  does  not  contain  blisters,  Fig.  10b,  whilst  at 
350°C  the  scale  appears  similar  to  that  formed  at  430°C.  The  metal-oxide  interface 
is  flat  on  a  macroscopic  scale  but  is  irregular  on  a  microscopic  scale  to  the 
extent  that  there  are  detached  pieces  of  metal  in  the  oxide.  Fig.  8c.  In  polarized 
light  the  dark,  non-stoichiometric  oxide  is  more  extensive  than  at  higher  tempera¬ 
tures,  Fig.8d, 

Plate Jets  of  a  sub-oxide  were  observed  in  the  metal  phase  of  specimens 
reacted  at  temperatures  above  440°C.  At  temperatures  between  525°-  600°C  platelets 
are  numerous  and  predominantly  alligned  at  45°  to  the  metal-oxide  interface, 
whereas  platelets  formed  between  440°-  525°C  are  less  numerous  and  tend  to  be 
alligned  either  parallel  or  perpendicular  to  the  interface.  These  changes  may  be 
associated  with  the  transition  of  the  platelet  structure  from  l!b')g  to  Nb0x 
reported  to  occur  by  Norman  (16)  as  the  temperature  is  lowered.  Platelets  per¬ 
pendicular  to  the  metal-oxide  interface  cause  lines  of  pores  to  form  in  the  oxide 
scale  by  a  mechanism  described  and  discussed  by  Stringer  (17)  .  These  pores  do  not 
cause  the  laminated  structure,  but  are  incorporated  in  it,  Fig.  11,  so  that 
oxidation  at  low  temperatures  is  isotropic  at  all  times.  (Fig,  6).  At  higher 
temperatures  oxidation  is  initially  isotropic  but  after  the  formation  of  many  oxide 
layers  grains  with  platelets  at  approximately  45°  to  the  interface  oxidize  more 
rapidly.  Fig.  12.  It  is  considered  that  platelets  initiate  early  failure  of  the 
protective  scale  on  these  grains  thus  causing  a  faster  oxidation,  rather  than  the 
more  rapid  oxidation  of  certain  metal  plan*  s  as  suggested  by  Kofstad  and  Kjollesdal 
(15)  . 


In  agreement  with  McLintock  and  Stringer  (8)  the  breakaway  reaction 
observed  after  long  periods  of  oxidation  is  associated  with  the  formation  of  a 
powder  oxide  at  a  relatively  small  number  of  sites  on  the  metal  surface.  These 
sites  are  usually  at  edges  or  ends  of  specimens  but  are  occasionally  found  in  the 
centre  of  main  faces.  Macroscopically  the  sites  are  hemispherical  cavities, 

Fig.  13,  but  in  detail  the  surface  of  the  ce.vj.ty  shows  extreme  grain  boundary 
penetration,  Fig.  14.  In  some  cases  grains  of  metal  are  parted  from  the  surface 
and  oxidize  from  all  sides  within  the  cavity.  There  is  no  doubt  that  the 
damaging  cracks  folic*  grain  boundaries  in  the  metal,  and  they  progress  at  a 
fairly  slow  rate  for  oxygen-penetrated  metal  shows  clearly  in  partially  |m  1 i slu'd 
specimens  round  all  parts  of  the  crack  tip.  The  large  volume  of  oxide  that  forms 
on  the  side  of  a  crack  apparently  opens  it  further,  allowing  oxidation  on  the  new 
surface  and  the  wedge  to  be  driven  deeper.  The  comparative  rarity  of  pits  and 
their  more  frequent  occurence  near  the  ends  of  specimens  suggests  that  unusual 
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stress  conditions  are  required  for  their  initiation  and  growth.  Once  started, 
the  strain  at  one  grain  boundary  triggers  those  adjacent  and  the  cavity  spreads 
spherically  from  the  point  of  initiation. 

The  mechanism  by  which  the  first  pit  forms  is  not  known;  grain  boundaries 
do  not  normally  show  enhanced  oxidation  and  defects  in  the  original  specimen 
preparation  should  have  been  passed  by  the  receding  metal  interface.  Platelets 
oxidize  more  rapidly  than  the  metal,  see  Fig.  11,  and  Stringer  (18)  has  suggested 
that  cracks  start  at  such  points  and  run  to  grain  boundaries.  However,  Kolski  (7) 
reports  that  the  breakaway  reaction  occurs  at  temperatures  as  low  as  400° C,  at 
which  temperature  platelets  are  not  observed. 


DISCUSSION:  from  the  morphological  anil  kinetic  evidence  presented  there  appears 

to  be  an  abrupt  change  in  the  mechanism  of  the  linear  oxidation  rate  of  niobium 
at  temperatures  above  and  below  440°C.  Only  at  temperatures  close  to  600°C  is  the 
linear  reaction  rate  preceded  by  a  period  of  parabolic  behaviour  that  can  be 
associated  with  the  growth  of  a  protective  niobium  pentoxide  layer.  At  lower 
temperatures  cxide  growth  in  the  initial  stages  is  too  irregular  for  weight  gain 
data  to  be  so  interpreted.  The  excellent  agreement  of  this  one  data  point,  Kpv, 
with  that  derived  from  the  linear  rate  at  this  temperature,  Kp ,  Fig.  15,  and  the 
supporting  morphological  features  of  the  reaction,  leave  little  doubt  that  linear 
oxidation  in  the  temperature  range  440°-  600°C  is  the  result  of  a  "repeated 
parabolic"  or  "paralinear"  scaling  process.  Hence  the  mechanism  of  oxidation  is 
a  natural  extension  of  that  observed  at  higher  temperatures  as  shown  in  Fig.  15, 
and  described  previously  (3).  The  inversion  in  the  temperature  coefficient  of 
the  parabolic  rate  constant  as  the  temperature  is  decreased  from  625°-  600°C 
was  shown  to  be  associated  with  the  disappearance  of  layers  of  ; VbO  and  Nb02  from 
the  reaction  zone  and  the  appearance  of  the  metastable  platelet  phase  NbOz.  This 
causes  an  enhancement  of  the  oxygen  concentration  gradient  across  the  growing 
oxide  layer  and  hence  a  larger  value  for  the  parabolic  rate  constant. 

A  consequence  of  the  paralinear  mechanism  is  that  the  linear  oxidation 
rate  in  this  temperature  range  is  sensitive  to  any  variations  that  can  affect  the 
protective  layer  width;  such  as  the  presence  of  suitably  oriented  platelets  or 
the  stress  conditions  at  specimen  corners.  In  particular  the  conditions  prevailing 
during  the  growth  of  the  oxide  from  2y  -  lOy  at  temperatures  below  550  C  allow  the 
protective  layers  to  form  and  increase  in  range  and  width;  hence  the  rate  of 
oxidation  falls  throughout  this  phase  of  the  reaction. 


At  temperatures  below  440°C  in  contrast  to  this  behaviour,  it  is 
observed  that  the  rate  of  oxidation  continually  increases  from  the  time  of  the 
appearance  of  the  first  growths  of  niobium  pentoxide  in  the  interference  colour 
film  to  the  establishment  of  the  steady  state  oxidation  rate.  The  oxidation  rate 
is  apparently  proportional  to  the  area  covered  by  growths.  Further,  as  the  rate 
is  completely  insensitive  to  stresses  in  the  oxide  caused  by  corners  on  the 
specimens,  it  is  deduced  that  the  oxidation  rate  is  truly  linear  in  that  the  rate 
controlling  step  is  an  interface  reaction.  The  phase  change  T-TTNb^05  was 
considered  as  an  alternative  explanation  for  the  abrupt  change  in  oxidation 
characteristics.  However,  an  x-ray  diffraction  study  of  the  oxides  showed  that 
this  transition  was  quite  gradual,  in  agreement  with  the  results  of  Terao(19). 
The  scale  is  T-Nb^O.  when  formed  at  600°C  and  a  mixture  of  T  and  TT-HbzOb  at 
350°C  with  no  marked  change  in  the  vicinity  of  450  C. 


Supporting  evidence  for  the  proposed  change  in  mechanism  is  obtained 
by  consideration  of  the  anomalous  temperature  coefficient  of  the  steady  s.ate 
oxidation  rate  shown  in  Fig.  5,  as  the  temperature  is  lowered  from  445°-  430°C. 

A  paralinear  rate  is  an  average  rate  of  oxidation,  being  composed  of  much  faster 
rates  when  a  layer  is  new,  and  slower  rates  as  it  approaches  the  layering  width 
w  .  However,  at  A30°C  the  phase  boundary  reaction  does  not  pemit  the  faster 
oxidation  rates  thus  inhibiting  the  paralinear  mechanism.  At  higher  temperatures 
where  the  paraline;  ..  .  c  can  first  operate  it  therefore  results  in  a  slower 

linear  or  average  ~sv.  r.»*a„  the  sustained  maximum  obtainable  at  lower  tempera¬ 
tures. 


Furth  -  i  t  ~  \ . ...  -.on  about  the  phase  boundary  control  of  the  linear 
oxidation  react!.. !■  ■  >  r.a  temperature  range  350  -  440  C  can  be  obtained  from 

observations  may  \o~i-sections  of  reacted  specimens.  The  thick  band  of 

non-stoichiomer..- > .  .  J*  adjacent  to  the  metal  interface  and  the  extreme 

irregularity  of  '<  ■  •  'ter face,  Fig.  8c, d,  indicates  that  in  this  region  the 
oxygen  activity  qi  '..cit  is  small  and  t  oxygen  potential  very  low.  Hence  the 
phase  boundary  riling  the  reaction  rate  is  at  an  oxide  interface  in  contact 

with  molecular  tygon.  In  which  case  the  metal-oxide  interface  should  more 
closely  approach  equilibrium  conditions  than  at  higher  temperatures,  and  as 
platelets  are  apparently  absent  the  possibility  arises  of  the  reappearance  of 
the  oxides  NbO  and  NbO 


It  is  difficult  to  be  certain  about  the  absence  of  very  thin  layers 
but  for  the  following  reasons  the  oxides  NbO  and  NbOz  are  thought  not  to  be 
present. 


1.  Microhardness  curves  of  the  oxygen  gradient  in  the  metal  core 
extrapolate  to  surface  hardnesses  similar  to  thos..  in  specimens  containing 
platelets  which  is  a  value  much  higher  than  that  from  specimens  known  to  contain 
layers  of  NbO  and  NbO j. 

2.  A  diligent  search  on  taper  sections  o*  oxidized  specimens  using 
scanning  electron  microscopy  failed  to  detect  these  oxides.* 

3.  Calculations  of  the  kinetically  expected  thickness  of  NbO  (Appendix 
1)  showed  that  this  thickness  was  no  greater  (and  therefore  the  oxide  no  more 
likely  to  form)  than  that  calculated  for  specimens  oxidized  in  the  temperature 
range  450°-  600°C  when  this  oxide  is  absent. 

If  the  oxides  NbO  and  NbO are  absent,  the  question  then  becomes, 

"Why  are  there  no  platelets?"  VbOx  Ss  known  to  be  stable  in  this  temperature 
range  (9) .  Calculations  of  the  oxygen  concentration  gradient  at  the  metal-oxide 
interface  (Appendix  1)  indicate  that  the  volume  of  oxygen  super-saturated  metal 
at  this  interface  is  similar  to  that  in  which  platelets  are  observed  when  oxidizing 
at  higher  temperatures.  Superficially  it  appears  that  conditions  should  be 
favourable  for  their  formation. 

The  breakaway  reaction  at  long  oxidation  times,  which  was  shown  to  be 
due  to  an  extreme  grain  boundary  attack,  was  also  associated  with  severe  specimen 
self-heating,  i.e.,  at  555°C  an  extra  45  deg  C  at  380  Torr  oxygen,  and  65  deg  C 
at  760  Torr  oxygen.  The  enhancement  in  rate  due  to  this  temperature  rise  is  more 
than  sufficient  to  reduce  the  apparent  pressure  sensitivity  of  the  post-breakaway 
reaction  rate  to  the  pre-breakaway  value  reported  by  McLintock  and  Stringer  (8) . 

For  this  reason,  and  because  the  oxide  forming  on  the  exposed  grain  surfaces  has 
many  of  the  growth  characteristics  of  the  oxide  forming  on  a  free  surface,  it  is 
considered  that  the  observed  oxidation  rate  is  still  under  diffusion  control  in 
the  oxide  and  not,  as  postulated  oy  these  workers,  to  a  change  in  the  rate 
controlling  mechanism. 
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APPENDIX  1. 


CALCULATION  OF  THE  OXYGEN  GRADIENT  in  the  metal  at  the  metal  oxide  interface  and 
the  kinetically  expected  thickness  of  NbO. 

Thanks  are  due  to  Dr.  G.W.  Cox  of  the  Australian  Atomic  Energy  Commission, 
Lucas  Heights,  Australia,  who  provided  this  analysis  (20). 

The  solutions  presented  are  integrations  of  Fick's  Law  in  a  phase  with  a 
linear  boundary  movement.  The  assumption  is  made  that  the  linear  oxidation  rate 
starts  from  time  zero  and  so  provides  reasonably  accurate  solutions  only  at  some 
time  after  the  transition  to  linear  kinetics. 


The  concentration  penetration  C  at  some  time  t  at  a  distance  «  from  the 
metal  surface  is 


C  -  !j  C  \  exp  <-mx)erfe(x/2/Dt  -  >j m/Dt)+  erfc(x/Z/Dt  + 

0  L 

where  C  =  surface  concentration 

o 

ni  -  Kl/D 

Kl  *  rate  of  movement  of  the  interface 
D  =  diffusion  coefficient  of  mobile  species 


m] 


Differentiation  of  this  equation  and  substitution  of  x=0  gives  the  gradient 
at  the  surface  of  the  metal  as 


x>t0  -  HCq  -m. erfo ( -^m/Dt-2 _  .  exp 

VttDt 

The  equation  describing  the  thickness  of  the  NbO  layer  &xNb0  is 


Ax 


NbO 


DNbCACNbO 


A  C 


NbO-Nb'^  +  17  x=0 


where  D 


AC 


NbO,D0 


NbO-Nb 


3  C 


are  the  dif fusivities  in  the  NbO  and  rib  phases, 

the  change  in  oxygen  concentration  from  NbC  to  the  metal  surface 


x=0  the  oxygen  concentration  gradient  at  this  surface. 

This  equation  makes  the  assumption  that  the  rate  of  growth  of  NbO  is  small 
compares  with  the  movement  of  the  metal  oxide  interface. 


As  neither  -  nor  AC..,  0  is  known  accurately,  their  product  was  estimated 
as  a  function  of  temperature  from  observations  of  NbO  thicknesses  in  specimens 
which  had  been  reacted  at  higher  temperatures,  where  the  layers  were  comparatively 
thick  and  uniform  (21) .  These  thicknesses  were  used  with  the  appropriate  interface 
movements  to  calculate  the  product  (DAC)^^.  The  line  of  best  fit  on  an  Arrhenius 
plot  was  found  to  be: 

( DAC)NbQ  =  3.2  x  10'4  exp  (-2S.400/HT) 

This  relationship  with  values  of  DQ  (22)  and  C  (23)  was  used  to  calculate 
tne  kinetically  expected  thickness  of  NbO  in  specimens  in  which  NbO  could  not  be 
observed. 
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Table  1.  Manufacturer's  analysis  of  the  niobium  sheet. 


Element. 

P 

pm 

Element 

P 

pm 

C 

30 

Cr 

20- 
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75 

V 

20- 

N 

19 

Co 

20- 

H 

5- 

B 

2- 

Ti 

20- 

Cd 

5- 

Fe 

50- 

Hf 

100- 

Ni 

20- 

Mo 

100- 

Si 

50- 

Mg 

20- 

Mn 

20- 

Zr 

50- 

Ca 

20- 

Cb 

Bal 

Al 

20- 

W 

100- 

Cu 

20- 

Ta 

360 

Sn 

20- 

Table  2.  Dependence  of  the  excess  specimen  temperature  and  the  calculated  rate 
enhancement  factor  upon  oxygen  pressure  when  oxidizing  niobium  at  a 
furnace  temperature  of  586“C. 


Oxygen  Pressure 

Specimen  temperature  above 

Oxidation  rate 

Torr 

furnace  temperature  ®C 

enhancement 

50 

2 

1.08 

100 

6 

1.16 

200 

12 

1.33 

380 

22 

1.62 

600 

27 

1.83 

760 

31 

2,0 

li-: 


REFERENCES 

1.  P.Kofstad,  High  Temperature  Oxidation  of  Metals,  John  Wiley  and  Sons, Inc., 

New  York,  1966. 

2.  J.S.Sheasby ,G.R.Wallwork  and  W.W.Smeltzer,  J.Electrochem.Soc. ,  113,1255(1966) . 

3.  J.S.Sheasby,  ibid.,  115,  695(1968). 

4.  J. Stringer,  Het.tev. ,11,  113(1966). 

5.  H. Schafer,  R.Gruchn  and  F. Schulte, Angew  Chem. Internet. Edit. ,5, 40 (1966) . 

6.  N.Terao,  Japanese  J.Appl. Physics,  4,  8(1965). 

7.  T.L.Kolski,  Trans. ASM,  55,  119(1962). 

8.  C.H.KcLintock  and  J. Stringer, J. Less  Common  Metals,  5,  278(1963). 

9.  T.Burlen,  J. Inst. Metals,  49,273(1960-61). 

10.  B. Cox  and  T. Johnston,  Trans. Met. Soc.  AIME,  227,36 (1963) . 

11.  R.E.Pawel,J.V.Cathcart  and  J.J. Campbell ,  Cclumbium  Metallurgy,  p.667,  AIME., 

Oonf.  (1960). 

12.  E.A.Gulbransen  and  K.F. Andrew,  J.Electrochem.  Soc.,  105 ,  4(1955). 

13.  D.W. Bridge.'  and  W.M.Fassell,  Jr.,  ibid,  103,  326  (1956) . 

14.  D.W.Aylmore,  S.J.Greggand  W.B.Jepson,  ibid,  107,  495(1960). 

15.  P.Kofstad  and  H.Kjolles-’al,  Trans. Met. Soc.  AIME,  221,285  (1961). 

16.  N. Norman,  J.Less  Common  Metals,  4^,  52  (1962). 

17.  J. Stringer,  J.Less  Common  Metals 

18.  J. Stringer,  private  discussion 

19.  N.Terao,  Japanese  J.Appl.  Physics,  2,  lT-o.'1963). 

20.  G.W.Cox,  Ph.D.  Thesis,  University  oT  M.S.W.  (1965). 

21.  J.S.Sheasby,  Ph.D.  Thesis,  University  of  N.S.W,  (1963). 

22.  R.E. Pavel  and  J.J. Campbell,  J.Electrochem.Soc.,  116,  828  (1969). 

2j.  R.P. Elliot,  Trans.  A.S.M.,  52,  990(1960). 


Table  1. 

Manufacturer's  analysis  of 

the  niobium  sheet. 

Element 

F 

pm 

Element 

P 

pm 

C 

30 

Cr 

20- 

0 

75 

V 

20- 

N 

19 

Co 

20- 

H 

5- 

B 

2- 

Ti 

20- 

Cd 

5- 

Fe 

50- 

Hf 

100- 

Ni 

20- 

Mo 

100- 

Si 

50- 

Mg 

20- 

Mn 

20- 

Zr 

50- 

Ca 

20- 

Cb 

Bal 

A1 

20- 

W 

100- 

Cu 

20- 

Ta 

360 

Sn 

20- 

Table  2.  Dependence  of  the  excess  specimen  temperature  and  the  calculated  rate 
enhancement  factor  upon  oxygen  pressure  when  oxidizing  niobium  at  a 
furnace  temperature  of  586°C. 


Oxygen  Pressure 

Specimen  temperature  above 

Oxidation  rate 

Torr 

furnace  temperature  ®C 

enhancement 
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200 

12 

1.33 

380 

22 

1.62 

600 

27 

1.83 

760 

31 

2.0 
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Pig. 


Fig.  2 


Temperature  of  niobium  specimens  above  the  furnace  temperature  as  a 
function  of  time  at  several  furnace  temperatures . 


(a) 


(b) 


Cross  sections  of  specimen  oxidized  at  43i°C,  380  Torr  oxygen  for  60 
min.  showing  uneven  oxidation,  (a)  Magnification  200X,  (b)  Etched, 
Magnification  1000X. 
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Pig.  6.  Cross  section  of  specimen  oxidized  at  450°C,  380  Torr  oxygen  for  1443 
min.  showing  a  typical  laminated  scale.  Magnification  150X. 


(a) 


(b) 


Fig.  7.  Cross  sections  of  specimens  comparing  edge  effects  above  and  below 
440°C.  (a)  575°C, 380  Torr  oxygen,  29  min.  Magnification  200X. 

(b)  430°C,  380  Torr  oxygen,  385  min.  Magnification  250X. 


1M1 


a.  1 


b.l 


b.2 


Fig.  8.  Cross  sections  cf  specimens  comparing  the  metal-oxide  interface  above 
and  bolow  440°C.  a)  626°C,  380  Torr  oxygen,  65  min.  b)  430CC,  380 
Torr  oxygen,  385  min.  a.l,  b.l,  plain  light,  a. 2,  b.2,  polarized 
light.  Magnification  1000X. 


Fig.  9.  Cross  section  of  specimen  oxidized  at  500°C,  380  Torr  oxygen  for  140 

min.  showing  the  scale  structure  at  high  magnification.  Magnification 
10 , 500X. 


lb) 


Fig.  10.  Cross  sections  of  the  scale  formed  cn  specimens  oxidized  below  «40°C 

showing  the  scale  structure  at  high  magnification.  (a)  425°C,  380  Torr 
oxygen,  1275  min.  Magnification  5,750X.  (b)  401°C,  380  Torr  oxygen, 

4090  min.  Magnification  1Q,700X. 
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Fig.  11.  Cross  section  of  specimen  oxidized  at  550°C,  380  Torr  oxygen,  for  240 
min.  showing  the  incorporation  of  sub-oxide  plates  into  the  scale. 
Magnification  5,500X. 


/ 


I 


k  A 


Fig.  12.  Cross  section  of  specimen  oxidized  at  550°c,  380  Torr  oxygen  for  240 
min.  showing  the  development  of  anisotropic  oxidation.  Magnification 
25X. 


Pig.  i 3 . 


Cross  section  of  specimen  oxidized  at  444°C,  380  Torr  oxygen,  for  2840 
min.  showing  a  site  of  breakaway  oxidation.  Magnification  J5X. 


(b) 


Fig.  14.  Cross  section  of  specimen  oxidized  at  450°C,  380  Torr  oxygen  for  1443 
min.  showing  details  of  sites  of  breakaway  oxidation,  (a)  Etched, 
Magnification  200X.  (b)  Polarized  light,  Magnification  1000X. 
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Fig.  IS. 


Dependence  of  the  derived  and  measured  parabolic  rate  constants  of 
oxidation  of  niobium  at  380  Torr  on  temperature. 
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QUINARY 

Nickel-base  superalloys,  utilized  extensively  In  tha  hot  component*  of  Jet  engines,  are  subjected 
to  environmental  conditions  which  vary  widely  dependent  on  a  number  of  factors.  Principal  among 
the  critical  variables  are  temperature,  pressure,  gas  velocity,  and  gas  contamination  due  to  Inges¬ 
tion  of  gaseous,  liquid  and  solid  compounds. 

The  basic  oxidation  behavior  of  Nl-baae  superalloya  la  briefly  reviewed.  Typical  alloya  are 
evaluated  as  to  type  of  oxides  (both  surface  and  subsurface)  formed,  matrix  chemistry  changes 
during  oxidation,  effects  of  surface  preparation  and  gas  velocity. 

The  phenor  -  n  of  accelerated  oxidation  (hot  corrosion)  Is  reviewed.  The  effects  of  HaCl  In  the 
atmosphere  and  sulfur  In  the  fuel  on  the  surface  stability  of  typical  alloys  are  examined.  Ixamplea 
of  accelerated  oxidation  encountered  In  service  are  presented.  The  various  theories  which  have 
been  developed  to  explain  the  "hot  corrosion”  reactions  are  examined  and  correlations  with  experi¬ 
mental  observation  are  attempted. 
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NICKEL-BASE  SUKEALLCVS  are  uMd  extensively  In  the  Lot  components  o t  aircraft  turbine  esflnea 
because  of  their  unexcelled  combination  of  hi  ffa  - 1  wm  per  at  ure  strongtn  and  corrosion  resilience . 

The  alloy*  derive  their  strength  primarily  from  the  precipitation  of  a  coherent  hi  (Al,  Tl) 

compound  and,  because  of  the  high  stability  of  the  precipitate,  useful  strengths  afe  retained  to 
at  least  0.75T  .  Further  strengthening  Is  obtained  through  additions  of  refractory  eetal  elements 
which  solutlon^harden  the  matrix  and  stabilise  carbide  precipitates.  The  structures  of  the  alloys 
are  thus  relatively  simple,  consisting  of  gamma  prime  and  carbide  precipitates  in  a  Nl-base  matrix. 
The  chemical  compositions  of  the  alloys,  however,  are  quite  complex,  generally  consisting  of  over 
10  elements  Intentionally  added.  The  compositions  of  typical  alloys  are  listed  in  Table  I. 

As  a  recult  of  the  complexity  In  chemistry  the  oxidation  behavior  of  the  alloys  is  also  complex. 

The  alloying  elements  form  oxides  and  nitrides  of  varying  atablllty  and  complexity.  Surface  and 
subscale  reactions  vary  not  only  with  chemical  composition  of  the  alloy  but  also  with  tine  and 
temperature  of  exposure,  environment  and  surface  condition.  In  spite  of  all  the  problems  involved, 
an  la proved  understanding  of  the  fcctois  which  control  the  oxidation  behavior  of  the  alloys  Is 
critical  to  the  development  of  inproved  alloy.’.  The  development  of  alloys  with  higher  strength  has 
generally  proceeded  without  too  much  concern  for  oxidation  behavior.  In  the  past  few  years,  however, 
the  development  of  alloys  with  inproved  oxidation  resistance  has  received  increasing  emphasis 
because  oxidation  resistance  bas  been  approaching  the  status  of  a  life-limiting  property.  This  Is 
partially-  a  result  of  the  piojected  Increased  In  life  of  aircraft  engines.  Critical  parts  such  as 
turbiue  blades  must  exhibit  lives  of  thou  'ode  of  hours  rather  than  hundreds. 

In  service,  many  superalloy  ccmponeLDi  are  exposed  to  a  variety  of  environmental  conditions. 

Generally  the  atmosphere  creaks. J  by  tbe  produr  .s  of  combustion  is  of  high  velocity  and  contains 
O,  N  ,  CO  ,  HO  and  perhaps  SO  or  Ha  SO  .  .he  components  are  also  subject  to  foreign  particle 
et ''Sion  an!  rapid  temperature  cycles.  3  * 

it  is  tbe  purpose  of  this  paper  to  critically  examine  the  oxidation-corrosion  behavior  of  nickel- 
base  superalloys  in  aircraft  gas  turbines,  to  establish  the  general  level  of  present  understanding 
and  to  point  ou  areas  where  further  study  is  needed. 

BASIC  0X1DV  ION  BEHAVIOR 

The  Ni-bc-u  sufjral toys  are  based  on  XI -Cr  and  Ni-Cr-Al  alloys  and  their  oxidation  behavior  can  be 
closely  related  to  tnese  systems.  The  effects  of  Cr  +  A1  on  the  oxidation  of  N1  are  indicated  In 
Figure  1.  Bel  w  about  lu%,  Cr  increases  tbe  rste  of  oxidation  of  Hi'  .  Up  to  about  3%  Cr  the 
reaction  data  fit  Wagner's  mechanism  of  oxidation  as  would  be  expected  by  the  addition  of  a  high 
valence  Cr  ion  to  a  p-ty-pe  eetal  deficit  divalent  lattice.  At  higher  Cr  levels  the  presence  of 
spinel  oxide  In  the  inner  NiO  zone  as  well  as  the  ccmplexlcg  effect  of  Internally  oxidized  Cr  0 
particles  does  not  allow  a  good  fit  with  the  Vagner  mechanism.  At  higher  Cr  levels  (  >  10%)  “ 
either  Cr  0  cr  a  NiCr  0  spinel  oxide  is  responsible  for  the  reduced  oxidation  rate.  Some  dispute 
over  which  if  those  ttfO*oxides  is  the  controlling  one  has  nov  been  resolved.  It  is  quite  possible 
that  both  oxides  are  present  and  in  some  cases  one  oxide  is  stabilized  over  the  other  depending  on 
the  presence  of  trace  elements. 

The  addition  of  A1  to  N1  and  Ni-Cr  alloys  increases  the  oxidation  resistance.  Basec  on  the  Wag..er 
mechanism,  it  might  be  expected  that  In  Al-Ki  alloys,  due  to  the  trivalect  nature  of  the  A1  Ion, 
the  rate  of  oxidation  would  be  increased  in  the  region  where  A1  Is  soluble  in  NiO.  This  effect  has 
not  been  experimentally  observed  In  alloys  containing  as  little  as  1%  Al.  This  is  apparently  due 
to  the  very  low  dissociation  pressure  of  Al  0  which  precludes  Al  solution  in  MO.  The  oxides  formed 
on  Ni-Al  alloys  are  Al  0  (  a  or  Y),  N1A1  03  !pinel  and  NIO.  Comparing  tbe  results  of  various 
studies,  it  Is  likely  !hat  at  low  temperatures  thin  films  of  Al  O  form  and  subsequently  become  over¬ 
grown  with  spinel  and  NiO.  At  high  temperatures  a  Al  0  appear!  to  form  at  the  exclusion  of  other 
phases.  The  beneficial  effect  of  Al  on  the  oxidation2blhavlor  of  Ni-Cr  alloys  has  been  ascribed  to 
the  formation  of  more  protective  Ni-Al  O  spinels  as  well  as  adherent  Al  0  films  next. to  the  metal/ 
oxide  interface  which  in  the  presence  Pf4Cr  can  be  stabilized  to  lower  temperatures. 

The  oxidation  behavior  of  turbine  blade  alloys  is  somewhat  more  complex  than  the  simple  alloys 
outlined  above.  In  order  to  obtain  a  sufficient  understanding  of  the  alloys,  careful  studies 
utilizing  a. number  of  analytical  tools  are  necessary.  A  number  of  superalloys  have  been  well 
documented.  ’  1  As  an  example  of  a  typical  alloy  the  behavior  of  U-700  alloy  is  here  briefly 
reviewed.  The  rates  of  oxidation  of  U-700  from  utilization  of  thermo-gravimetric  techniques  are 
shown  in  Figure  2.  It  is  apparent  that  the  oxidation  rate  is  controlled  nov  by  a  single  process, 
but  perhap i  several.  Initially  at  all  temperatures  a  linear  rate  law  is  obeyed.  It  is  followed 
by  nearly  parabolic  kinetics  at  most  temperatures.  However,  an  inversion  in  kinetics  is  noted  at 
1900°F  where,  after  a  time,  the  rate  of  oxidation  decreases  and  becomes  less  than  at  1800°F,  The 
reason  for  this  wil.  become  apparent  upon  establishing  the  identity  of  the  oxiaos  which  are  formed. 
From  the  results  of  the  studies  a  time-temperature  diagram  can  be  constructed  to  show  the  oxides 
formed.  The  resulting  diagram  for  U-700  alloy  is  shown  in  Figure  3. 

During  Initial  oxidation  at  1600  to  1800°F,  a  continuous  film  of  Of-Al  0  forms  with  smaller  arpas 
of  Cr  0  nucleating  over  grain  boundary  and  twin  boundary  areas.  The3 aluminum  is  depleted  from 
the  mltil  adjacent  to  the  oxide-metal  interface  and  little  further  growth  of  the  Al  0  occurs. 

Cr  0  continues  to  form  as  Cr  diffuses  along  short-circuits  such  as  grain  boundarie!.4  The  initial 
period  of  linear  oxidation  is  believed  to  reflect  the  formation  and  lateral  growth  of  Cr  0 

3  3 
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colonies  while  the  Al  O  film  retains  virtually  a  constant  thickness.  At  longer  tinea,  the 
continual  solution  of3^*3  converts  the  CK/Al  0  film  Into  an  (Al,  Cr)  0  solid  solution.  Subsequent 
parabolic  oxidation  then  causes  growth  of  thd  !ilm  and  Its  continual  indictment  In  Cr.  At  the  sane 
tine,  subscale  Al  0  and  TIN  are  formed  because  of  a  high  degree  of  stability  of  the  compounds  and 
a  low  rate  of  dlfduilon  of  the  netal  ions  to  the  surface. 

Prolonged  exposure  at  1600-1800  (region  3)  results  in  Cr  0  ,  spinel  and  overgrowths  of  T10  as 
well  as  subscale  Al  0  ,  TIN  and  a  coaplex  Mo-Nl  nitride.3  it  higher  temperatures  1800-1900*F 
(region  4),  the  avalllbillty  of  Al  lo  greater  due  to  solution  of  the  Ni  -Al  (gtmaa-rrime  phase) . 

The  resulting  scale  which  contains  only  traces  of  Cr  0  consists  predominately  of  spinel  (N1A1  0  ) 
which  contains  a  high  aluminum  content.  Note  also  tint  no  subscale  products  are  formed  in  the3  * 
1800-1900'F  temperature  range.  This  la  due  to  the  high  stability  of  the  Al-rlch  surface  oxide. 

At  higher  temperatures,  the  Al  concentration  is  not  sufficient  to  establish  and  maintain  an  Al-rlch 
oxide  and  as  a  result  Cr  0  ,  NiCr  0  spinel  and  NiO  ore  formed  at  the  surface,  with  subscale  Al  0 
and  TIN.  The  decrease  in  oxidati?>n*kirietics  at  180v)-1900°F  is  explained  by  the  formation  of  a  3  3 
surface  oxide  rich  in  Al  which  prows  slowly  and  whose  extremely  low  dissociation  pressure  rr„ciunes 
the  back  diffusion  of  oxygen  into  the  alloy  in  amounts  sufficient  to  produce  internal  oxidation. 

Other  Nl-base  superalloys  exhibit  oxidation  behavior  similar  to  U-700  except  in  most  cases  the 
1800-1900°F  inversion  is  absent.  In  U-700  the  Al  content  (4%)  and  the  Al  Al  ratio  (4/3)  are  lr.  .he 
proper  range  to  exhibit , the  inversion.  Rene'  41  alloy  does  not  exhibit  the  effect  as  indicated  in 
Figure  4  because  of  unfavorable  chemical  composition.  Rene'  41  contain?  only  1.5%  Al  and  a  low  AlAi 
ratio  (1,5/3),  Among  the  many  factors  which  are  important  in  the  oxldrition  of  most  metals  and  alloys 
ie  the  method  of  surface  preparation  used.  Wo  might  expect  that  in  tho  case  of  U-700  alloy,  cold 
working  of  the  surface  would  increase  diffusion  rates  and  reduce  the  temperature  at  which  Internal 
oxidation  is  eliminated.  This  effect  has  been  noted:  In  other  alloys  such  as  Rene'  41  we  expect, 

and  obtain  increased  internal  oxidation  when  the  surface  is  abraded  prior  to  tost. 

The  kinetic  studies  outlined  above,  while  establishing  the  type  of  scale  and  subscale  products 
formed  do  not  accurately  predict  the  performance  of  an  alloy.  Other  major  factors  which  contribute 
to  increased  oxidation  are: 


1.  Oxide  spalling 

2.  Fxces->ive  localized  intergranular  oxidation 

3.  Oxide  volatilization 

Due  to  cyclic  temperatures  encounter  in  service,  oxide  spalling  can  result  in  greatly  increased 
oxidation  rates.  In  general,  during  cyclic  tests  the  oxidation  rate  of  most  superalloys  Is 
increased  by  a  factor  of  up  to  about  4  to  1.  The  effect  of  cyclic  exposures  on  the  oxidation  rate 
of  U-700  is  indicated  in  Figure  5. 

Preferential  oxidation  of  grain  boundaries  can  result  in  doep  penetration  and  in  some  cases  act  as 
nuclei  for  fatigue  cracks. 

In  aircraft  engines  the  gas  velocities  are  much  higher  than  in  most  laboratory  teats.  Higher  velo¬ 
cities  can  increase  the  rate  of  formation  of  volatile  oxides,  presumably  b>  removal  oi  protective 
boundary  layers.  Many  of  the  superalloys  form  Cr  0-rich  surface  oxides  because  of  the  high  Cr 
contents.  In  a  high  velocity  gas  stream  a  volatile  specibs.  Cr03  is  rormed  by  the  reaction: 

2  Cr  0  ICO  "*  4  orO 

2  3  3  3 

More  stable  oxides  such  as  Al  0  or  the  spinel3  such  p.s  MnCr  0  are  preferred  for  high  temperature, 
high  velocity  applications,  to!  this  reason  the  Al/Cr  ratio3 in  an  alloy  Is  extremely  important, 
since  it  will  determine  which  oxide  predominates  at  high  terperature3. 

ENGINE  OXIDATION 

In  gas  turbines,  in  addition  to  the  normal  oxidation  processes  encountered,  an  additional  mode  of 
attack  can  occur.  As  a  result  of  contamination  of  the  gas  stream,  accelerated  oxidation,  also 
termed  "hot  corrosion"  occurs.  A  number  of  comprehensive  reviews  of  the  "hot,  corrosion"  problem 
have  been  published,  the  most  notable  being  one  by  Hancock;  In  spite  of  the  volumlous  literature 
on  the  subject,  the  basic  mechanisms  by  which  "hot  corrosion"  occu> s  hrve  rot  been  complete'  • 
defined.  This  is  in  part  due  to  the  wide  range  of  contaminants,  variations  in  materials,  and 
differing  time  -  temperaturo  regimes  encountered  in  various  equipments.  In  the  si  re  aft  engine  we 
can  limit  our  discussions  principally  to  atmospheric  contamination  by  sodium  chloride  and  sulfur 
contamination  in  the  fuel,  although  carbonaceous  deposits  also  can  contribute  to  accelerated  at'ack. 
The  actual  engine  environment  is  difficult  to  des^be  but  it  is  known  that  t^SO^  is  t  rmeu  by 
reaction  between  Na  in  the  air  and  S  in  tho  fuel. 

A  series  of  typical  oicrostructure*  showing  oxidation  which  occurred  during  service  is  shuwn  in 
Figure  6,  The  structures  range  Irom  those  oxpected  during  normal  oxidation  to  those  exhibiting 
moderate  and  severe  accelerated  oxidation.  The  microstructuroe  vary  widely  because  of  widely 
differing  service  conditions.  Pronounced  interns!  sulfidation  occurs  in  some  cooes  where  overall 
attack  is  slight.  In  other  cases  very  little  Internal  sulfidation  is  evident  even  whan  corrosion 
is  moderate.  Depletion  of  Cr  due  to  reaction  with  caroonaceous  deposits  to  form  carbides  tends 
to  increase  the  oxidation  rate,  particularly  in  grain  boundaries.  This  form  of  attack  is  somet.mes 


12-3 


called  "green  rot"  due  to  the  characteristic  color  of  the  resultant  oxide.  A  turbine  blade  which 
exhibited  severely  accelerated  oxidation  Is  shown  In  Figure  7.  The  phenomenon  la  characterized  by 
voluminous  NIC  formation  and  internal  sulfidation. 

The  uorroslor.  reaction  Is  markedly  temperature  dependent  as  indicated  in  Figure  8  compared  to 
normal  oxidation  behavior.  It  is  generally  believed  that  the  critical  temperature  regime  la  depen¬ 
dent  on  the  presence  of  Na  SO  condensate.  At  higher  temperatures  the  dew  point  Is  exceeded  and 
condensation  does  not  occu^*.  4 As  a  result,  the  reactivity  decreases  and  eventually  is  controlled 
by  more  normal  oxidation  processes.  Recent  work  by  Bornateln  and  DeCrescente^  '  indicates  that  a 
shift  in  the  critical  temperature  range  should  occur  as  pressure  is  increased  due  to  a  shift  in 
the  vapor-condensate  transition  temperature  as  indicated  in  Figure  9. 

The  mechanisms  involved  in  the  corrosion  reaction  have  not  been  completely  defined.  It  is  clear 
that  reaction  consists  of  two  steps.  First,  breakdown  of  the  normally  protective  oxide  scale  must 
occur.  This  event  can  result  from  mechanical  abrasion,  spoiling  of  the  scale  due  to  thermally 
induced  stresses  or  fluxing  of  the  oxide  by  the  liquid  corrodent.  Secondly,  oxidation  proceeds  at 
an  extremely  rapid  rate  in  the  absence  of  a  protective  cxide.  Considering  first  the  breakdown  of 
the  surface  oxide,  it  is  likely  that  all  three  mechanisms  can  operate.  i,oss  of  the  scale  will 
expose  material  which  is  somewhat  depleted  in  the  less  noble  elements  required  for  scale  re-forma¬ 
tion.  However,  loss  of  surface  scale  during  normal  oxidation  does  not  usually  result  in  cata¬ 
strophic  oxidation.  Therefore,  fluxing  of  the  surface  oxide  would  appear  to  be  a  necessary  condi¬ 
tion  for  catastrophic  attack.  In  this  way  the  re-formed  oxide  films  are  dissolved  as  fast  as  they 
are  formed. 

(8) 

Next,  it  is  critical  to  explain  the  catastrophic  nature  of  the  attack.  In  early  work,  Seybolt 
postulated  that  internal  sulfidation  caused  depletion  of  Cr  from  the  matrix  thereby  reducing  the 
oxidation  resistance.  However,  this  can  only  bo  a  contributing  factor  since  complete  depletion  of 
Cr  or  other  less  noble  elements  would  not  be  expected  to  result  in  catastrophic  attack,  Rscent 
work  by  Seybolt v  indicates  that  sulfur  may  not  be  a  necessary  part  of  the  reaction,  having  pro¬ 
duced  accelerated  oxidation  by  reaction  with  NaCl.  In  a  Nl-20  Cr  alloy,  reaction  with  molten  salt 
resulted  in  migration  of  Cr  to  the  surface  to  form  non-adherent,  granular  and  thus  non-protective 
oxide.  "'he  loss  of  alloy  constituent  caused  a  counter  current  flow  of  vacancies  which  condensed 
into  an  Interconnecting  pore  network  filled  with  the  Na  compound.  It  is  suggested  that  since  the 
salt  penetrates  into  the  structure,  the  loss  of  Cr  does  not  require  intermetallic  diffusion  over 
long  distances,  but  Instead  corrosion  products  are  largely  removed  by  solution  of  alloying  metals 
as  ions  in  the  pore-salt  network,  Seybolt  presented  evidence  that  suggests  that  an  Integral  part 
of  the  catastrophic  process  is  recry stall! cat ion,  occurring  in  the  porous  zone,  and  that  in  the 
Ni -20  Cr  alloy  Cr  diffuses  down  grain  boundaries  of  the  grain  network  to  be  deposited  at  grain 
boundary-pore  intersections  as  Cr  ions.  The  concentration  gradient  of  Cr  ions  in  the  salt  phase 
forces  Cr  diffusion  out  to  the  surface  where  the  higher  effective  oxygen  pressure  forms  Cr  0  . 

Seybolt 's  proposed  mechanism  seems  capable  of  explaining  the  catastrophic  oxidation  which  ^c^urs; 
however,  it  probably  should  be  modified  for  the  case  of  Na^SO^  -  alloy  reactions. 

Turning  to  the  effects  of  alloying  elements,  thee  1b  general  agreement  that  the  higher  the  Cr 
content,  the  greater  the  resistance  to  hot  corrosion,  Bergman  et  al'  found  that  alloys  readily 
susceptible  to  corrosion  contain  less  than  15%  Cr  while  the  better  alloys  contain  18  to  21%  Cr. 

The  effect  of  Al  additions  on  the  corrosion  behavior  of  Ni-base  alloys  is  not  clear.  Both  high 
and  low  resistances  to  corrosive  environments  have  been  obtained  with  high  Al  alloys.  It  is  suggested 
that  if  a  continuous,  adherent  aluminum  rich  oxide  is  formed,  resistance  to  Na  £0.  attack  may  be 
high.  It  is  however  difficult  to  obtain  good  Al  0  adherence  on  Ni-base  alloyl.  Also,  the  rate 
of  Al  0  formation  is  extremely  slow  and  the  resilient  thin  film  may  be  easily  disrupted  mechanically 
or  bya reaction  with  the  Na  compounds.  In  Ni-Cr--Al  alloys,  the  presence  ot  Al  may  accelerate  the 
corrosion  reaction  once  the  surface  oxide  is  rendered  non-protective.  Through  the  mechanism 
suggested  by  .leybolt,  Al  would  tend  tc  reduce  the  effective  oxygen  pressure  in  the  pores  due  to  Al-0 
reaction,  thereby  speeding  up  the  rate  of  Cr-lon  diffusion  outward. 

Titanium  additions  were  found  by  Bergman  et  \i  to  be  beneficial  in  improving  corrosion  resistance 
even  th.ugh  Ti  generally  reduces  the  resistance  to  normal  oxidation.  It  is  possible  that  at  high 
Ti  levels  the  foliation  of  Tl-nch  oxides  may  occur  at  a  faster  rate  than  can  be  removed  by  reac¬ 
tion  w'th  Na  SO  .  In  this  regard  the  Tl/Al  ratio  appear#  to  be  important.  A  number  of  new  alloys 
have  recent 1$  blen  developed  with  Increased  Ti/Al  ratios.  Alloys  such  as  U-710,  and  IN-738  exhibit 
improved  corroilon  resistance  compared  tc  U-700  and  Inconel  713C. 

RECOMMENDATIONS 

In  order  to  do  'lop  Ni-base  supers  loy a  with  improved  combinations  of  strength  and  surface  sta¬ 
bility,  a  much  better  under**  anii'ig  of  the  interactions  between  alloy  chemistry  and  actual  or 
simulated  engine  environments  rust  be  retained.  In  order  to  obtain  higher  strength  alloys,  reduc¬ 
tions  in  Cr  seem  unavoidable.  The  levels  of  other  critical  elements  such  as  Al,  Ti  and  refractory 
elements  must  be  adjusted  to  make  up  for  the  reduced  Cr  and  maintain  adequate  surface  stability. 

Fu  ther  studies  of  rare-earth  type  elements  additions. sppoar  warranted  since  they  hsve  been  found 
t<  improve  both  oxidation  and  corrosion  resistance '  .  In  the  evaluation  of  materials,  conditions 
cleanly  approximating  those  encountered  in  service  must  bo  utilised  tu  obtain  the  proper  relation¬ 
ships  between  contaminants  and  oxide  formation  and  reduction. 
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TABLE  I 

COMPOSITIONS  OF  TYPICAL  81 -BASS  SUPERALLOYS 


Name  Composition  (Wt.  %) 


Or 

Co 

A1 

Ti 

V 

Mo 

Ta 

B 

Zr 

c 

Othor 

U-700 

14.3 

13.0 

4.3 

3.3 

- 

4.2 

- 

.015 

- 

.10 

Rene*  100 

9.3 

13.0 

3.3 

4.2 

- 

3.0 

- 

.015 

.06 

.17 

1.0  V 

Rena'  41 

19.0 

11.0 

1.3 

3.1 

- 

10.0 

- 

.003 

- 

.09 

1-7150 

13.0 

- 

6.0 

0.7 

- 

4.3 

- 

.012 

.10 

.12 

2.0  Cb 

U-300 

19.0 

18.0 

3.0 

3.0 

- 

4.0 

- 

.006 

- 

.08 

W-710 

18. 0 

13.0 

2.3 

3.0 

1.3 

3.0 

- 

.02 

- 

.07 

1N-73R 

18.0 

8.3 

3.4 

3.4 

2.6 

1.73 

1.75 

.01 

.10 

.17 

0.9  Cb 
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Combined  Effect  Of  A1  &  Cr 


hig.l  Effects  of  aluminum  and  chromium  alloy  additions  on  the  oxidation  resistance  of  nickel  base  alleys* 
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OXIDATION  PRODUCTS  ON  UDIMET  700 


Fig. 3  Simplified  3umary  of  the  four  main  phenomelogical  stages  of  oxidation  encountered  by  Udimet  700. 

Subscale  and  scale  reaction  products  expressed  as  numerator  and  denominator  of  a  quotient  which 
identifies  the  reaction  species  in  each  region.  Note  absence  of  internal  oxidation  in  Regions  1 
and  4.  Scaling  kinetics  linear  in  Region  l.  parabolic  in  others,  except  4  where  weight  gain 
reaches  a  constant  value  in  some  1,000  minutes 


OXIDATION  PRODUCTS  ON  RENE  -  41 


Fig. 4  Schamat  ic  preaentation  of  the  major  reaction  product*  that  ran  for*  during  iKr  oxidation  of  FVnc  '  41  %nd 
the  aaaortated  kinetic  region*  1  -  linear.  2  and  ^  paratmli*.  TV  phanr*  j»re»rnl  m  the  maaera'nr  are 
the  acalc  constituent*,  thoae  in  the  denominator  are  the  product!  of  internal  oxidation 
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(a)  Typical  Oxidation 


(b)  Increased  Attack 


lc)  Sulfidation 


(d)  Advanced  Corrosion 
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REACTIONS  BETWEEN  HIGH-TEMPERATURE-RESISTANT  ALLOYS  AND  GASES 


K.  Pfeiffer 

Vacuumschmeize  GmbH. 
Hsnau,  Western  Gercany 


13 


SUMMAit-' 


Normally  the  Gibbs-potential  of  the  reaction  between  metals  and  oxygen  is  much 
higher  than  that  of  any  other  reactions  between  solids  and  gases  and,  therefore, 
this  prcce88  takes  place  in  gases  with  oxygen  contents  of  20  #  or  less,  especially 
in  air. 

The  phenomenon  of  selective  or  preferential  oxidation  of  the  one  or  the  other 
alloying  element  is  one  of  the  most  interesting  facts  regarding  the  rate  of  oxi¬ 
dation  processes.  It  has  been  discussed  in  detail  on  the  system  of  iron-chromium 
alloys  which  may  be  thought  to  be  a  model  of  temperature-resistant  alloys. 

Another  important  influence  has  to  be  attributed  to  tho  adhesion  between  the 
metallic  surface  and  the  oxide  scale.  It  proved  to  be  true  for  all  heat-resistant 
alloys  that  diffusion  processes  are  determining  the  rate  of  oxidation.  Consequent¬ 
ly,  the  growing  scale  acts  as  a  protective  layer,  the  efficiency  depending  on  the 
concentration  of  lattice  defects  in  the  oxide  scale.  But  the  protective  effect 
will  be  small  unless  the  demand  for  a  sufficient  adhesion  is  satisfied. 

A  thira  point  of  view  is  the  plastic  flow  of  oxide  layers  which  influences  the 
kinetics  of  oxidation  reactions.  It  reduces  the  cooling  stresses  and  may  ceuse  the 
oxide  scale  to  remain  in  tight  contact  with  the  metal  in  spite  of  the  formation  of 
holes  due  to  the  preferred  migration  of  metal  ions  to  the  outer  surface. 

A  considerably  different  situation  is  observed  if  the  content  of  oxygen  in  the 
surrounding  atmosphere  is  not  as  high  as  to  form  pure  oxide  scales.  Other  reactions 
can  take  place,  for  example,  the  attack  by  gases  containing  nitrogen,  carbon,  or 
sulphur.  In  many  cases  reactions  are  observed  running  at  very  high  rates:  catastro¬ 
phic  oxidation  processes  due  to  the  ma-ion  of  molten  phases.  Finally  it  has  been 
discussed  the  so-called  green  rot  oxidation  arising  from  internal  oxidation  of 
chromium,  especially  obtained  in  furnace  atmospheres  either  alternating  between 
carburizing  and  oxidizing. 
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OXIDATION  PROCESSES  OP  METALS  often  are  marked  by  the  formation  of  coherent  oxide 
layere  acting  as  a  barrier  between  the  metal  surface  and  the  oxygen  containing 
gas.  The  high  values  of  the  free  energies  of  oxides  are  responsible  for  the 
phenomenon  that  most  of  the  scales  arising  at  high  temperatures  are  oxides  end 
not  other  possible  reaction  products  as,  for  instance,  nitrides.  Already  a  very 
low  content  of  oxygen  in  the  surrounding  atmosphere  is  sufficient  for  this  scaling 
process  and  in  most  cases  of  annealing  in  sir  the  existence  of  oxides  as  3ole 
reaction  products  should  be  observed. 

SELECTIVE  OXIDATION 

Another  question  is  the  composition  of  oxide  srale3  or,  in  other  words,  the  extent 
of  selective  oxidation.  This  problem  has  been  receiving  considerable  interest 
during  the  past  ten  years.  In  view  of  its  importance  specifically  with  regard  to 
reaction  kinetics  the  following  deals  first  of  all  with  questions  connected  with 
selective  oxidation.  The  specially  interested  reader  may  be  referred  to  two 
summarised  representations  (1,  2).  It  is  quite  clear  that  the  growing  oxide  scale 
acting  as  a  barrier  will  have  important  influence  on  compoaition  and  consequently 
on  nature  and  concentration  of  lattice  defects  in  these  layers.  Furthermore,  some 
other  factors  are  interesting,  as  scale  density  and  adherence,  oxide  volatilization, 
blistering  and  cracking  phenomena,  and  so  on.  In  other  words,  selective  oxidation 
and  the  extent  of  preferred  oxidation  of  one  or  the  other  component  of  alloy 
respectively  is  an  essential  point  of  view  with  regard  to  oxidative  attack  at  high 
temperatures.  Selective  oxidation  not  at  last  determines  the  rate  of  the  hetero¬ 
genous  chemical  reaction. 

Oxide  layers  formed  by  oxidation  of  alloys  may  be  composed  as  follows: 

1.  The  oxide  of  only  one  component  of  the  alloy  ha3  been  obtained;  hence,  only 
selective  oxidation  had  taken  place. 

2.  The  reaction  product  consists  of  a  mixture  of  insoluble  oxides. 

3.  Several  oxides  reacting  together  are  obtained  snd  spinels  are  formed  which 
either  alone  or  more  frequently  together  with  an  excess  oxide  produce  the  pro¬ 
tective  layer. 

4.  The  oxide  consists  of  several  layers  of  different  composition. 

The  case  of  nearly  exclusive  selective  oxidation  certainly  ia  the  moat  important 
one  with  regard  to  considerable  reduction  of  the  oxidation  rate  at  increasing 
thickness  of  the  layer.  This  is  realized  best  in  the  case  of  an  alloy  containing 
an  oxidizable  base  metal  and  a  noble  metal.  Thermodynamic  facts  allow  only  the  base 
metal  component  to  be  oxidized  at  higher  temperatures.  But  also  in  other  cases 
very  exclusive  selective  oxidation  is  frequently  observed  and  that  the  more  probable 
the  more  the  free  energies  of  the  oxides  differ.  Beside  thermodynamic  facts  there 
are  kinetic  problems  which  may  influence  the  preferred  oxidation  of  a  component  of 
alloy  as  far  as  a  sufficient  diffusion  rate  of  this  specially  oxygen  affine  element 
in  the  metallic  phase  is  a  necessary  precondition.  Add  to  that  other  factors  of 
influence  as  composition  of  alloy,  temperature  and  oxygen  pressure  of  the  environ¬ 
ment,  test  time,  structure  of  the  oxide  layer,  and  the  diffusion  rates  of  the 
components  contained  in  the  layer.  It  was  above  all  Wagner  (3)  who  has  dealt  in 
detail  with  the  qualitative  and  quantitative  relations  of  selective  oxidation. 

This  kind  of  oxidation  is  observed  at  high  temperatures  at  some  resistance 
alloys  as  CrAl  25  5  (iron  rest)  which  shows,  moreover,  clearly  the  influence  of 
the  temperature  on  the  extent  of  selectivity.  Annealing  of  such  alloys  in  air  or 
oxygen  produces  practically  pure  A^O*  as  may  be  proved  by  X-ray  examination  and 
chemical  analysis.  Kornilov  and  Sidorlshin  (4)  observed  with  an  analogous  alloy  of 
30  weight  i°  of  chromium  a  different  oxidation  process  at  medium  and  higher 
tempera turea.  In  the  first  case  a  mixture  consisting  of  the  spinels  PeAloO^  and 
FeCr^C^  is  obtained.  With  increasing  temperature  finally  selective  oxidation  of 
aluminum  becomes  predominant.  Up  to  temperatures  of  about  10Q0°C  y-AlpOj  is  formed, 
beyond  that  a-AlgOj.  Concentration  of  aluminum  decreases  near  the  surface  of  the 
alloy  and  diffusion  from  the  bulk  material  becomes  important.  Determination  of  the 
lattice  constants  (table  1)  of  the  oxides  obtained  at  different  temperatures  shows 
clearly  the  facts  described  before. 

Table  1:  Lattice  constants  of  oxide  layers  on  PeCrAl  (4) 


Temperature,  °C 

400 

600 

700 

800 

1000 

Lattice  constant,  fi 

8,328 

8,195 

8,077 

8,050 

7,882 

According  to  ASTM-card-index  (5)  the  lattice  constant  of  Y-AI5O3  is  7,90  X  whereas 
the  spinels  FeAl204  and  PeCr204  show  lattice  constants  of  8,1 13  and  8,348  A 
respectively. 

While  testing  the  alloy  for  oxidation  at  1200°C  in  long  rune  with  alternate 
heating  and  cooling  at  intervals  of  12  and  42  hours,  Kornilov  (4)  carried  out 
chemical  and  X-ray  analyoes  of  the  cracked  off  portion  of  the  oxide  film.  He  has 
shown  that  it  consists  of  98,7  i>  of  alumina,  the  rest  being  chromic  and  ferric 
oxide. 

These  small  additions  of  blackening  oxides  are  extraordinarily  important  snd 
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useful.  They  influence  the  spectral  emissivity  e(A,T)  of  the  oxide  film  in  such  a 
way  that  the  difference  between  true  temperature  and  temperatures  measured  e.g. 
by  means  of  a  selective-radiation  pyrometer  is  only  small.  Quantitative  estimation 
supplies  the  following  result  which  has  been  proved  experimentally  in  some 
analogous  cases  (6): 

According  to  Wien's  approximation  to  the  law  of  radiation  by  Planck  the  following 
compender.oy  exists  between  true  temperature  T^ ,  brightness  temperature  Tp,  and 
spectral  emissivity  e(A,T) 

~  In  E(X,T)=  f -f 
c2  Tl  TJ 

A=0,65.10-^  cm  is  the  effective  wavelength  of  the  monochromatic  screen  of  the 
selective-radiation  pyrometer,  C2=1  ,44  cm. deg  is  a  constant. 

The  spectral  emissivity  of  pure  A120,  is  0,14  +0,05  at  1100  -  1600°K  (7)  and 
a  true  temperature  of,  e.g.,  1200°C  corresponds  to“AT=Ti-T2  »  170°G,  whilst  an 
alloy  of  CrAl  25  5  with  normally  developed  oxide  layer  shows  an  emissivity  of 
0,66  (6)  and  therefore  only  a  difference  of  15°C  is  found  for  the  same  temperature 
T-j  *1 200°C . 

In  this  case  the  mentioned  additions  of  oxides  hav  ■.  nr  nisadvantageous  in¬ 
fluence.  Their  valency  is  congruent  with  that  of  the  bulk  oxide  and  there  is  no 
influence  on  the  lattice  defect  concentration  and  the  rate  of  oxidation. 

The  advantage  of  the  formation  of  an  extensively  pure  layer  of  A120,  at  high 
temperatures  is  the  excelien.  protective  effect  of  just  this  oxide  due  to  its  low 
lattice  defect  concentration.  As  the  concentrations  of  defect  ions  and  electrons 
are  equivalent  in  pure  oxides,  it  may  be  advantageous  to  know  their  conductivities. 
Then  in  some  cases  it  may  be  possible  to  make  predictions  about  the  protective 
effect  of  the  concerning  oxides  if  neglecting  different  electron  mobilities  in 
different  oxides.  Table  2  shows  the  electric  conductivities  of  metal  oxides  at 
1000°C  (9).  Simultaneously  has  been  indicated  whether  the  oxides  belong  to  the 
n-type  or  p-type  conducting  systems  (10), 

TaDle  2s  Electric  conductivities  of  some  oxides  at  1000°C 


Oxide 

BeO 

A1203 

CaO 

i 

3i02 

MgO 

NiO 

Crp03 

CoO 

CU2O 

FeO 

x.Q-'-  cm'1 

10~9 

10"7 

IQ'6 

10~5 

10~2 

io-r 

10+2 

Conducting 

OX7Q  fom 

n 

n 

n 

n 

n 

P 

p 

- 1 

l  P 

r-  — 

P 

P 

Supposing  the  formation  of  pure  oxides  in  compact  form  and  of  an  oxidation  rate 
depending  on  diffusion  processes  the  oxides  left  in  the  table  about  up  to  MgO  in¬ 
cluded  are  expected  to  have  particularly  good  protective  properties  owing  to  their 
low  conductivities.  Yet,  this  does  not  apply  on  principle  as  a  number  of  other 
factors  are  of  more  or  less  essential  influence.  Anyhow,  the  distinct  protective 
effect  of  BeO,  A120j,  and  Si02  is  generally  known  and  used  for  many  materials. 

Presumably  the  low  lattice  aefect  concentre tions  and  by  t:iat  aiso  electric 
conductivities  of  tne  oxides  of  comparatively  unnoDle  elements  are  baseu  ou  tne 
nigh  oxygen-affinity  of  those  elements.  It  is  believed  tout  tne  equilibrium  con¬ 
centration  of  ions  in  interstitial.  lattice  positions  ana  excess  electrons  ir.  n- 
type  conducting  systems  (tne  oxiues  indicated  left  in  tubie  T)  decreases  wit:;  in¬ 
creasing  oxygen-affinity  of  tne  concerning  metal.  The  conditions  ore  more  compli¬ 
cated  with  p-type  conducting  systems  wtiere  the  stability  of  the  various  possible 
valencies  of  the  concerning  metals  sre  very  important  and  cannot  be  directly 
overlooked  with  regard  to  the  tarnishing  properties  of  the  oxide  scales. 

In  the  right  part  of  the  table  CrpO*  represents  an  exception  os  it  shows  re¬ 
markable  protective  effect  in  spite  of  quite  gocd  conductivity.  This  may  be  based 
on  the  peculiarity  of  the  defect  phenomena  of  this  oxide  (11).  With  regard  to  the 
diffusion  rates  within  the  layer  it  may  be  noted  that  Cr?03  shows  a  special 
irregularity.  It  is  to  be  assumed  that  not  ail  cation  defects  in  the  lattice  are 
produced  at  one  of  the  two  phase  boundaries  and,  consequently,  are  not  subject 
either  to  a  concentration  gradient  and  directed  diffusion. 

Often  also  chromium  oxide  is  formed  as  nearly  exclusive  oxide  phase,  for 
instance  with  FeCr-alloys  with  chromium  contents  »M  <  m  the  temperature  ranro 
between  1000  and  1300°C  (12).  Below  11  £  of  chromium  the  optnel  is  observed 

preponderantly  proving  the  Important  influence  of  only  small  d i f ferenc i es  in  con¬ 
centration.  Other  authors,  however,  indicate  also  other  ox  i  Jo  eompoai t ions .  Un¬ 
doubtedly  this  disagreement  Is  connected  with  the  different  conditions  chosen  is 
teat  time,  atmosphere,  and  impurities  of  alloys.  Also  me  formed  oxide  film  in¬ 
fluences  internal  oxidation  which  occured  notubly  during  formation  of  the  spinel, 
but  had  not  been  observed,  on  the  contrary,  if  a  pure  Gr-jUj  layer  ia  formed. 

OXIDATION  uk  FeC r- ABLOY 3 

Oxidation  of  FeCr-alloys  is  probably  the  reaction  system  examined  best  and  it  seema 
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useful  out  of  the  present  results  and  interpretations  to  list  the  moat  essential 
ones  and  check  them  with  regard  to  their  general  application.  First  of  all  must 
be  stated  that  all  authors  agree  in  aaying  that  parabolic  kinetics  are  generally 
observed  for  all  compositions  and  temperatures.  By  that  the  preliminary  conditions 
for  the  Wagner  theor,v  of  oxidation  are  aoccrapliahed  and,  in  particular,  diffusion 
processes  in  the  oxide  film  on  the  condition  of  chemical  equilibrium  at  the  phase 
boundaries  are  the  rate  controlling  steps  of  the  entire  reaction.  This  secures  in 
principle  the  possibility  of  an  influence  on  the  oxidation  rata  by  impurity  ions 
in  the  sense  of  Wagner  and  Hauffe  (13).  Whittle  and  Wood  (14,  15),  for  instance, 
believe  that  the  slow  increase  of  the  oxidation  rate  with+growing  chromium  con¬ 
tents  could  be  due  to  the  decreasing  concentration  of  Fe+  -ions.  Solution  of 
lower  valent  cations  in  0^03  would,  corresponding  to  the  equation 

2  FeO  +  1/2  =  2  Fee'(Cr)  +  2  ©  +  Cr20j 

(wherein  Fee'(Cr)  means  a  bivalent  Fe-ion  at  a  regular  lattice  site  and  ©  an 
electron  hole),  results  in  a  concentration  growth  of  electron  holes  and  by  that  in 
a  concentration  decrease  of  cation  vacancies.  On  the  other  hand  they  imagine  Fe’+- 
ions  to  be  in  solution  exerting  no  influence  according  to  the  Wagner-Hauffe 
valency  rules.  Yet,  in  this  case  the  dependence  of  the  oxidation  rate  on  the  Cr- 
content  would,  indeed,  have  to  be  caused  by  the  composition  of  the  oxide  layer 
consisting  of  metal-deficient  p-type  Cr50j  oxygen-deficient  n-type  FepO 3.  They 
consider  it  possible  that,  taking  a  certain  concentration  of  iron,  an  optimum 
content  of  lattice  defects  in  0^03  is  obtained. 

And  finally  the  concentrations  of  vacancies  at  the  alloy/oxide  interface  de¬ 
pends  on  the  chromium  content  of  tne  alloy.  This  concentration  of  vacancies  de¬ 
creases,  while  the  concentration  gradient  in  the  oxide  increases  with  growing 
chromium  content  at  the  phase  boundary.  Consequently,  with  increasing  chromium 
content  the  rate  of  oxidation  must  also  grow. 

It  maybe  noted  (16)  that  at  constant  oxygen  pressure  the  chromium  activity 
decreases  at  the  metal/oxide  interface  with  decreasing  concentration.  The  con¬ 
sequence  is  a  decreasing  chromium  activity  gradient  within  the  oxide  scale  causing 
the  diminution  of  the  oxidation  rates  at  smaller  chromium  contentB. 

According  to  Caplan  and  Cohen  (17),  on  the  contrary,  the  chromium  content 
would  not  notably  influence  the  oxidation  behaviour.  They  show,  for  instance, 
that  the  oxidation  rate  of  Fe-26  $  Cr  is  comparable  to  that  of  pure  chromium. 

Their  examinations  to  clear  up  the  discrepancies  were  only  partially  successful. 
They  particularly  referred  to  the  considerable  influence  of  surface  treatment. 

Whenever  selective  oxidation  is  observed,  depletion  of  the  preferentially 
oxidized  element  in  the  metallic  surface  must  occur  et  the  same  time  unless  a 
concentration  equalization  happens  quickly  enough.  Corresponding  examinations 
have  been  carried  out  recently  by  means  of  the  electron  probe  microanalyser. 

Fig.  1  shows  the  results  by  Wood  and  Whittle  ( i 4 )  with  a  FeCr-alloy  of  high 
chromium  content.  Inside  the  alloy  the  chromium  content  drops  starting  from  the 
initial  concentration  towards  the  phase  boundary  alloy/oxide  in  order  to  rise  to 
about  the  value  of  stoichiometric  0^03  of  6t,5  weight  in  the  oxide  layer.  The 
iron  content  shows  just  reciprocal  relations.  The  variations  of  the  chromium  con¬ 
tent  in  the  practically  pure  oxide  phase  Cr2C>3  can  be  attributed  to  the  inadequate 
resolving  power  due  tr,  the  size  of  the  X-ray  source  and  to  microporoaity  and 
relief  polishing.  In  contrast  to  the  important  depletion  of  chromium  with  that 
8lloy  of  very  high  chromium  content  it  io  remarkable  that  an  FeCr-elloy  containing 
only  2b  %  of  chromium  does  not  show  any  mentioneble  changes  of  the  alloy  con- 
centratione  under  the  same  conditions,  altnough  pure  Cr?0x  is  formed  in  this  case 
as  well. 

This  phenomenon  ia  explainable  too  by  the  different  oxidation  rates:  the 
higher  the  reaction  rate  the  greater  ia  tne  demand  lor  t:ie  preferably  oxidized 
element  at  the  phase  bounuary  alloy/oxide  and  by  that  also  the  probability  of  de¬ 
pletion.  In  this  connection  it  must,  however,  be  mentioned  tuat  it  ie  almost  im¬ 
possible  to  determine  exactly  the  concentration  gradients  in  an  alloy  in  a  distance 
from  the  phase  boundary  alloy/oxide  of  only  a  few  microns  (1c). 

A  similar  result  of  electron  probe  microanalyeec  nay  be  demonstrated  on  the 
basis  of  the  sulphurization  of  a  Co-20  5*  Cr-ailoy.  The  same  test  conditions  would 
have  caused  severe  attack  or,  tne  Ni-2c  Cr-heater  al^oy  due  to  formation  of  the 
Ni-Ni3S?-eutectic ,  the  melting  point  of  which  is  645°C.  Fig.  2  snows  the  contents 
of  Co,  5r,  end  S  after  annealing  in  dried  Ho-HjS  containing  65  %  HjS.  The  sum  of 
the  concentrations  of  these  three  elements  [upper  curve)  has  beer,  determined  st 
the  positions  indicated  and  the  measurements  are  seen  to  have  beer,  carried  out  at 
very  compact  material.  Remarkable  deviations  of  some  concentration,  ae,  for 
instance,  at  700  jim,  find  their  equivalent  in  en  inverse  deviation  of  the  con¬ 
centration  of  some  other  element.  Above  about  **50  pm  a  sudden  diminution  of  the 
chromium  content  ie  found  which  finally  decreaaee  to  zero.  This  was  likewise  ob¬ 
served  after  annesling  for  15  and  60  min.  respectively  under  the  seme  conditions 
and  applies  also  to  corresponding  NiCr  and  FeCr-»Uoye.  They  all  consist  of  two 
layers,  the  inner  one  adhering  foat  to  the  s.^oy  and  consisting  mainly  of  CrS, 
the  outer  or.e  without  any  content  of  chromium. 
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The  formation  of  two  layers  of  different  composition  is  being  observed  in 
other  cases  as  well.  Reported  by  Saunders  and  Pryor  (20),  for  instance,  the  oxide 
film  on  Cu-3  %  Al-alloya  formed  at  450  -  750°C  consists  of  an  inner  layer  of  y- 
A120.j  and  an  outer  one  of  Cux0.  Both  oxides  are  insoluble  together  and  diffusion 
of  copper-ions  through  Al-Oj  is  possible.  If  the  formation  of  two  layers  is  ob¬ 
served,  an  inner  layer  identical  with  the  oxide  of  the  unnoble  alloy  component 
and  an  outer  layer  identical  with  the  oxide  of  the  basic  metal  are  the  constituents 
of  the  scale. 

Particularly  complicating  with  regard  to  the  discussion  of  the  test  results  :  p 
the  fact  of  blistering  and  spalling  of  the  growing  oxide,  as  observed,  for  instance, 
with  FeCr-allcys.  This  may  occur  during  isothermal  oxidation,  certainly  during 
cooling,  above  a  certain  thickness  of  layer.  No  agreement  exists  regarding  the 

?uestion  which  of  these  two  possibilities  will  be  right.  Whereas  Caplan  and  Cohen 
17)  assume  that  the  stresses  in  the  oxide  arise  during  isothermal  oxidation  and 
could  be  accounted  on  anion  diffusion,  other  authors  (14,  15,  16)  emphasize  that 
the  wcoling  stresses  would  be  responsible  for  the  spalling  behaviour.  Wostbrook 
(21)  tends  to  the  latter  assumption  revealing  only  a  small  effect  of  stresses 
arising  during  oxidation  at  constant  temperature.  He  observed  that  hardness  of 
moat  common  oxides  drops  strongly  at  temperatures  higher  than  about  half  the  ab¬ 
solute  melting  temperature.  This  would  be  tt60°C  for  Cr203  and  above  this  tempera¬ 
ture  plastic  deformation  should  be  possible.  Since  the  same  behaviour  of  the  oxide 
layers  is  being  observed,  however,  also  after  oxidation  at  far  higher  temperatures, 
the  cooling  effect  proves  more  probable. 

INFLUENCE  OF  MINOR  ELEMENTS 

The  cooling  effect  is  also  evident  by  the  results  obtained  by  Betteridge  (22)  who 
examined  some  NiCr  BO  20-alloys  in  an  Intermittent  oxidation  test  similar  to  the 
ASTM-Specification  B  76-39*  In  these  teBte  wires  of  about  0,9  mm  diameter  were 
suspended  vertically  and  heated  electrically  reducing  the  heating  current  every  2 
minutes  from  the  value  required  to  maintain  the  wire  at  the  normal  test  temperature 
to  a  value  maintaining  thB  wire  at  a  lower  temperature.  The  lower  one  has  teen 
varied  from  almost  room  temperature  up  to  close  to  the  upper  temperature.  The  re¬ 
sults  (Fig.  3)  ere  remarkable  in  two  different  respects.  Firstly,  exceeding  of 
certain  temperature  differenciea  ®Upp#r“®i0Wer  shows  decreasing  lifetime  indicating 

the  damage  of  the  oxide  layer  happening  during  cooling  down.  A  small  difference 
between  upper  and  lower  annealing  temperature  haa  no  disadvantageous  effect.  On 
the  contrary,  the  lifetime  increases  first  as  the  advantage  of  the  lower  mean 
value  of  the  temperature  compensates  more  than  enough  the  resulting  thermal 
stresses  and  their  consequences. 

Secondly,  the  figure  demonstrates  essential  differences  in  the  behaviour  of 
the  two  alloys  which  differ  with  regard  to  the  calcium  and  cerium  contents,  thus 
showing  different  resistance  to  oxidation  at  high  tempera turea.  The  influence  of 
these  additions  la  shown  also  in  the  useful  life  under  the  normal  intermittent 
test  conditions  of  37  and  606  hours  respectively  at  1175°C.  With  decreasing  lowtr 
limit  temperature  a  maximum  lifetime  la  rescued  the  earlier  and  the  following  re¬ 
duction  the  more  considerable,  the  smaller  contents  of  these  minor  elements  are 
used.  It  m^y  be  noted, for  instance,  that  the  alloy  containing  such  additions  at  a 
lower  temperature  of  1000°C  showed  still  nearly  the  highest  lifetime  attained  in 
these  experiments  of  approximately  1000  hours.  But  the  alloy  without  additions 
ehowed  only  a  lifetime  of  leaa  then  100  hours  under  the  same  conditions. 

Those  additional  elements  prove  efficient  to  such  extent  that  nowadays  no 
heater  alloye  are  produced  any  more  in  which  thiB  possible  quality  improvement 
would  not  have  beer,  widely  realized.  They  cause  considerable  improvement  in  ad¬ 
herence  of  tne  oxide  layer,  either  by  improved  adaption  of  tee  oxide  lattice  to 
the  metallic  substrate  or  by  better  keying  of  both  phases  (23).  In  any  esse,  owing 
to  their  very  high  oxygen  affinity  they  concentrate  in  the  form  of  tneir  oxides  at 
the  inalde  of  the  ecales,  and,  consequently,  only  those  elements  can  be  effective, 
which  are  solved  in  metallic  form  and  therefore  diffusible. 

This  may  be  one  of  the  reasons  why  some  authors  have  different  views  on  the 
composition  of  oxide  layers  on  NiCr-alloys  since,  on  tne  one  hand,  pure  alloys  and, 
on  the  other  hand,  commercial  ones  have  been  examined.  Other  reasons  are  of  course 
the  tasting  conditions,  particularly  the  test  time,  and  by  that  the  oxide  thick¬ 
ness  (24).  Thus  it  seems  not  surprising  that  if  taking  alloys  with  Cr-contants 
>10  <,  the  oxide  layer  either  coneiate  mcinly  of  the  spinel  NiCr^  (25,  26),  or, 
under  certs. a  conditions,  the  formation  of  Cr20,  ia  observed  (27,  2o),  or,  as  a 
further  poaaibility,  both  constituents  were  found  (24).  Own  testa  with  commc'clel 
NiCr-alloyo  containing  20  and  30  %  Cr  were  carried  out  at  1200°C,  a  temperature 
which  car.  only  be  realised  using  alloys  improved  by  minor  elements.  These  tests 
prove  that  thicker  oxide  layers  show  heterogenous  composition  and  consist  pre¬ 
ponderantly  of  Cr20,  and  NiCr20.. 

Comparirg  the  oxidation  behaviour  of  NlCr-slloys  of  chromium  contents  *20  H 
with  FeCr-alloys  of  ths  same  chromium  contents,  it  is  interesting  to  see  thet  in 
the  latter  case  no  spinel  phase  has  been  observed.  The  different  compositions  of 
oxide  layers  of  the  one  and  the  other  alloy  system  may  be  assumed  to  cause  the 
different  oxidation  resistance.  Perhapa  it  would  be  possible  to  improve  the 
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FeCr-alloye  by  addition  of  some  minor  elementa.  Tedmon  (29).  for  Inatance,  succeeded 
in  improving  the  oxidation  reoietance  of  Pe-25  %  Cr  alloys  by  adding  0,1  to  0,5  ^ 
of  lithium.  Obviously  the  influence  of  lithium  consists  *  .  reduction  oi  cation 
vacancies  in  CrpO*  and  by  that  the  reduction  of  the  diffusion  rate  o’  chromium-ions 
through  the  scale.  The  parabolic  rate  constant  obtained  for  an  Fe-25Cr-0,5Li-alloy 
at  1300°C  was  7,o  x  10-*1  g2cm“4aec  ,  whereas  with  the  corresponding  lithium-free 
alloy  there  had  been  found  a  rate  constant  of  5»o  x  10-1°  g2cm“4sec~T.  It  should 
be  of  interest  to  compare  the  latter  value  with  the  value  of  6,9  x  10“10  g2cm“4sec~l 
(30)  indicated  for  pure  chromium  at  the  same  temperature.  The  good  conformity 
shows  only  the  oxide  layer  being  responsible  for  the  oxidation  rate,  whether  it  is 
formed  on  pure  chromium  or,  for  instance,  on  Fe-25Cr.  Apparently  the  influence  of 
iron-ions  at  such  high  temperatures  may  be  neglected.  This  corresponds  to  results 
on  the  oxidation  of  the  alloys  Fe-27Cr  and  Pe-59Cr  reported  by  Whittle  and  Wood  (15) 
who  found  the  greater  the  differences  of  the  parabolic  rate  constants  are,  the 
lower  the  temperature  is.  This  is  shown  in  table  3  for  runs  of  5  hours. 


Table  3s  Comparison  of  short-term  parabolic  rate  constants  for  Fe~59^Cr 
and  Fe-27*Cr  at  800  -  1200°C  (5  h  values) 


Temperature,  °C 

2  -4  -1 

Parabolic  rate  constant,  g  cm  sec 

Fe-59#r 

Fe-275tCr 

800 

1,9  x  10 

1,4  i  10  " 

900 

1,1  x  10"11 

3,7  x  I0"11 

1000 

5,3  x  10"11 

1 ,4  x  10-1° 

1 100 

7,o  x  10-1° 

O 

1 

o 

H 

1200 

1,4  x  10"9 

!  1 ,2  x  10~9 

S 


According  to  examinations  carried  out  by  Svans  (31)  the  analogous  comparison 
applies  also  to  pure  chromium  and  Ni-20J<Cr-heater  alloys,  of  course  only  on  the 
condition  of  pure  chromium  oxide  formation.  This  statement  refers,  moreover,  only 
to  the  reaction  at  constant  temperature,  whereas  cyclic  tests  are  not  expected  to 
show  conformity  of  results  due  to  differential  spalling  of  the  oxide  scale.  This 
corresponds  to  the  observation  of  conforming  oxidation  rate  of  three  Hi-20jfcr- 
alloy8  continuously  oxidized  (52).  The  same  alloys,  owing  to  different  contents  of 
small  amounts  of  Si,  Zr,  Ca,  Al,  and  Mg,  differ  essentially  in  intermittent  oxi¬ 
dation  testa  showing  ASTM-lifetimes  of  25,  86,  and  157  hourB  respectively.  The 
results  are  given  in  Fig.  4.  The  broken-line  curve  applies  to  all  three  alloys  at 
continuous  annealing,  the  other  curves  to  intermittent  annealing. 

Analogous  observations  are  also  concerning  other  alloys  es,  for  instance, 
Fe-27^Cr-5ltAl-alloy3  both  with  and  without  a  cerium  addition.  Fig.  5  shows  the 
good  conformity  of  the  rate  constants  at  constant  temperature,  whereas  the  ASTM- 
lifetimes  differ  about  by  the  factor  5  (33). 

PLASTIC  .LOW  OF  OXIDE  SCALES 

According  to  the  explanations  given  before  two  things  ere  prominent  with  regard  to 
the  oxidation  rate  of  metallic  materials  at  high  temperatures i  the  composition  of 
ths  oxide  layer  produced,  on  the  one  hand,  and  its  adherence  to  the  metallic  sur¬ 
face,  on  the  other  hand.  A  third  point,  finally,  is  to  be  mentioned  which  refers 
to  the  plaetic  flow  of  the  oxide  layers.  Oxides  generally  are  very  brittle  sub¬ 
stances  which,  nevertheless,  may  show  slight  plastic  behaviour,  especially  at  high 
temperatures.  This  property  ia  important  for  two  reasons.  First,  stresses  in  the 
oxide  layer  ae  produced  at  changing  temperatures  because  of  the  differential  ex¬ 
pansion  coefficients  of  alloy  and  oxide,  can  be  equalised  more  or  less  by  a  plastic 
flow  of  the  oxide  layer.  The  second  reason  refers  to  the  mechanism  of  metal  oxida¬ 
tion  which  in  moat  casta  is  characterised  by  diffusion  of  cations  and  alactrona 
through  the  oxide  layer  towards  the  phase  boundary  oxide/gas.  The  consequence  of 
vhia  directed  transport  of  metal  should  be  the  formation  of  oracke  and  holes  at 
the  phase  boundary  alloy/oxide.  Plastic  flow  say  be  effective  againet  this  porosity 
by  maintaining,  at  least  partially,  the  contact  between  metallic  subetrate  and 
oxide  layer.  Thee*  phenomena  have  been  tested  metaodically  »t  pure  iron  (34,  35), 
the  behaviour  of  which  under  oxidising  conditions  s\  high  temperatures  has  been 
interpreted  by  different  plastic  behaviour  of  the  vsrioua  iron-oxide  modifications 
(35). 

The  possibility  of  plsetic  flow  depends,  besides  tne  properties  of  the  oxide 
iteelf,  strongly  on  the  shape  of  the  metallic  specimen  ae  different  geometric 
ahapea  cause  differential  flow  raalstance.  A  very  usual  form  to  apply  the  beater- 
alloya  ia  that  of  round  wires.  Unfortunately ,  In  thia  case  inward  flow  of  oxids  to 
fill  up  ths  oavltlta  ariaan  inside  is  nearly  impossible  for  geometric  reasons.  At 
tha  edges  of  strip-ahaped  material  only  little  plastio  deformations  may  occur 
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because  two  oxide  layers  meeting  perpendicularly  upon  another  become  very  stiff. 

In  these  positions,  the  contact  between  the  two  phases  gets  preferably  interrupted 
and  further  oxidation  is  suspended  or  at  least  retarded. 

REACTIONS  IN  CONTROLLED  ATMOSPHERES 

So  far  considerations  related  mainly  to  the  behaviour  of  temperature-resistant 
alloys  in  oxygen-containing  gases.  Yet,  there  is  a  steady  increase  of  annealing  in 
certain  controlled  atmospheres  which  are  suited,  for  instance,  for  carburization 
or  decarburization  of  materials,  for  nitriding,  and  for  brazing,  or  which  shall 
only  just  inhibit  oxidation  of  materials.  Furthermore,  often  reactions  with  other 
substances  are  possible  originating,  for  instance,  from  unsuited  ceramic  materials 
or  combustion  residues  of  fuels  thus  preventing  the  normal  formation  of  a  protective 
oxide  layer.  In  such  cases,  the  requirements  to  the  resistance-alloy  in  an  electric 
furnace  are  quite  different.  Possibly  the  protective  effect  of  the  oxidelayer  is 
not  sufficient  to  prevent  elements  as  carbon,  nitrogen,  and  sulphur  -  and  these 
are  only  the  most  important  ones  -  to  get  contact  with  the  metallic  surface  and 
to  diffuse  into  the  alloy.  There,  they  react  mostly  Just  with  those  elements  re¬ 
quired  for  the  formation  of  outer  protective  layers  which,  therefore,  are  not 
available  any  more  for  this  purpose.  Another  consequence  is  frequently  a  consider¬ 
able  lowering  of  the  melting  point  of  the  alloy  which,  eventually,  may  cause 
instantaneous  destruction.  By  that  the  most  essential  disadvantages  of  Buch  possible 
attacks  have  already  been  quoted.  Perhaps  they  have  to  be  reduced  by  reasonable 
modifications  of  the  conditions,  specifically  cf  the  composition  of  the  annealing 
atmosphere,  by  constructive  methods,  choice  of  suitable  alloys,  or  even  by  the 
development  of  alloys  with  higher  resistance,  under  special  conditions. 

Especially  the  formation  of  molten  phases  results  in  any  case  in  a  catastrophic 
increase  of  the  oxidation  rate.  The  term  of  "catastrophic  oxidation"  (36)  intro¬ 
duced  first  for  reactions  with  low-melting  oxides  as  MoO,  and  0USnt  to  be  used 

generally  for  all  reactions  which  are  forming,  outside  or  inside,  locally  or  wide¬ 
spread,  molten  phases.  Beginning  of  the  melting  process  is  observed  along  tue  grain 
boundaries  into  the  bulk  material.  The  diffusion  r9te  of  all  elements  taking  part 
in  the  chemical  reaction  is  essentially  higher  in  molten  phases  than  in  solid  state, 
and  the  reaction  rate  increases  correspondingly.  Furthermore,  partial  melting  at 
grain  boundaries  may  diminish  the  bond  between  the  grains  of  the  polycristalline 
metal  structure  and  so  may  cause  vigorous  deformations  as  a  result. 

Those  appearances  of  catastrophic  oxidation  referring  to  the  following  four 
possibilities  of  attack  have  been  best  examined  because  of  their  frequent  occurence 
in  practice » 

1.  contact  of  low-melting  oxides  with  the  scale  of  the  temperature-resiotant 
material, 

2.  sediments  of  alkali-sulphates  in  the  presence  of  SO3  on  iron-containing  alloys, 

3.  sulphur  attack, 

4.  carbon  attack. 

Amongst  the  low-melting  oxidea  it  is  specifically  the  vanadium  oxide  VpOq  which 
shows  itself  already  a  melting  point  of  only  715°C  and  eutectic  mixtures  of  this 
oxide  are  known  with  a  number  of  other  oxides  (37).  For  thiB  reason  it  is  one  of 
the  moot  aggressive  constituents  of  heavy  fuel  oils,  used,  for  instance,  for  gas 
turbines  or  heating  of  boilers.  Up  to  the  present  no  possibilities  have  yet  been 
found  to  prevent  effectively  this  type  of  chemical  attack.  Searching  for  suitable 
alloys,  for  improving  inhibitors,  and  for  protecting  coatings  has  not  been  very 
successful. 

Subject  to  similar  heavy  chemical  attacks  are  heat-resistant  steels  which  may 
be  also  in  contact  with  combustion  gases  and  are  used,  for  Instance,  as  basic 
material  for  superheater  pipes  in  steam  production  plants.  They  are  often  subject 
to  attack  caused  by  alkali-sulphates  which  in  presence  of  SO^  may  react  with  iron 
oxide  according  to  the  equation 

Fe205  *  3  K2304  ♦  3  SO^  *  ?  K^Fe  (S04)} 

forming  complex  sulphate-compounds  (3B).  Substances  of  this  type  give  accelerated 
corrosion  at  temperatures  cf  about  600  up  to  bOO°C  (39).  This  critical  temperature 
range  reaches  from  the  melting  point  of  this  compound,  which  can  be  lowered  by 
K0SQ4  depending  on  the  SOj-content  of  the  furnace  atmosphere  to  about  600°c ,  up  t<> 
its  decomposition  temperature  (40).  Hence,  also  in  his  case  it  is  the  liquid 
phase  which  causes  catastrophic  effect*  increasing  1 '.9  diffusion  rate  and  -  ee  in 
other  oases  too  -  may  possibly  dissolve  oxide  scales.  SO, -formation  is  cstslyticaily 
accelerated  by  iron  oxide  and  flua  ash  (41).  From  Fig.  bit  can  be  Been  thst  such 
attaoka  may  be  very  severe.  It  shows  tha  weight-losses  of  a  Cb-stsbiiized  CrNl-stee,. 
embedded  in  K2S04  with  and  without  an  addition  of  Fe20, ,  depending  on  the  tempere- 
ture  (42).  Tha  annealing  atmosphere  haa  been  an  SO ^-Containing  mixture  of  air  and 
watar  vapour  of  a  dew  point  of  16S°C.  The  correspond ing  resulta  for  not  embedded 
specimens  have  alac  been  recorded.  Above  600°C  the  weight-iocs  l.icresses  vigorously 
in  case  of  embedment  whereas  it  decreases  again  at  about  t>00°C.  The  reduced  attack 
In  case  of  embedment  in  KpSO,  and  Fe203  is  due  to  partial  reaction  of  the  SO3  with 
the  iron  oxide  of  the  embedding  material,  and  therefore  leae  SO,  ie  available  for 
reaction  with  the  oxide  layer.  3 
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Sulphur-attack  on  nickel-containing  temperature-reaistant  alloys  is  mostly 
very  severe.  Mainly,  if  H2S  is  present  in  the  annealing  atmospheres  even  in  a 
small  concentration,  there  will  be  heavy  damages.  Billingion  (43)  reports  of  severe 
aulphur-attack  on  Nimonic  75  that  arises  from  the  contact  with  an  insulating 
material  containing  only  0,04#  S.  The  depth  of  local  corrosion  in  a  l'ew  hours  at 
faOO°C  was  more  than  1  mm. 

The  reason  for  the  low  resistance  of  nickel-containing  alloys  to  sulphur-con¬ 
taining  en\  ronment  is  the  formation  of  the  eutectic  phase  Ni-Ni^S2  with  a  sulphide 
concentration  of  about  SO  weight  #.  The  melting  point  of  this  eutectic  mixture  is 
645°C.  Actually  preferred  formation  of  chromium  sulphide  ought  to  be  expected  as 
the  standard  free  energy  of  the  formation  of  CrS  corresponding  to 

2  Cr  +  2  HjS  *  2  CrS  +  2  H2 

is  given  by  AG°  *  -76.660  cal  at  bOO’K  (44)  whereas  Ni,S2  shows  an  analogous  value 
of  only  -23.750  cal  (45).  There  exists  no  unanimous  view  about  the  modification  of 
the  chromium  sulphide  produced,  especially  as  CrS,  the  lowest  sulphide,  dissociates 
upon  cooling  at  some  as  yet  undefined  temperature,  but  presumably  below  lOOO^C,  to 
C^Sg  and  chromium  (46).  Some  other  sulphides,  especially  CrgSj  may  also  be  stable. 
Their  AG°-values  are  unknown,  but  Seybolt  supposes  they  would  be  less  negative 
(less  stable)  than  that  of  CrS.  According  to  the  different  AG°-values  of  tne  sul¬ 
phides  of  nickel  and  chromium  one  must  imagine  the  corrosion  process  as  follows 
(43) :  The  first  sulphur  diffusing  into  the  metal  would  combine  with  the  chromium 
at  the  surface  and  grain  boundaries.  As  soon  as  chromium-depletion  has  reached 
locally  a  certain  extent,  nickel  sulphide  is  produced  and  by  that  the  catastrophic 
reaction  will  be  started.  Fig.  7  shows  severe  sulphur  attack  on  a  NiCr  bO  20  heater- 
alloy.  The  widespread  branching  of  the  low-melting  phase  causes  simultaneously 
intense  brittleness  of  the  material.  The  outer  zones  show  the  additional  influence 
of  the  oxygen  which  is  present  in  all  annealing  atmospheres  converting  the  sul¬ 
phides  into  oxides. 

Finally,  it  is  still  to  be  mentioned  that  carbon  lowers  the  melting  point  of 
alloys  on  the  basis  of  nickel-chromium.  If  these  temperature-resistant  materials 
are  used  in  controlled  atmospheres  carbon  in  contact  with  the  metallic  surface  can 
diffuse  into  the  alloy.  Koster  and  Kabermann  (47)  have  examined  melting  equilibria 
in  the  ternary  system  nickel-chromium-carbon  and  found  several  eutectic  phtses  in 
the  temperature  range  between  1045  and  1305°C.  Hence,  in  this  temperature  range 
catastrophic  reaction  is  possible.  Tnis  does  not  apply  to  nickel-free,  ferritic 
heat-resistant  alloys,  as,  for  instance,  Fe-25#Cr-5#Al ,  which  do  not  show  any 
mentionable  decrease  of  the  melting  point  in  the  case  of  carbon-absorption.  These 
alloys,  on  the  contrary,  are  sensitive  to  nitrogen  which  mostly  is  a  main  component 
of  controlled  atmospheres.  As  there  is  only  little  oxygen  present  and  corresponding¬ 
ly  leas  protection  by  oxide  layers  is  given,  nitrogen  can  easily  diffuse  into  the 
alloy.  Due  to  the  high  nitrogen  affinity  of  aluminum  they  react  to  form  AIN  within 
the  bulk  material  and  further  formation  of  the  AlgO^-layer  at  the  surface  is 
questionable  at  all. 

The  following  possibility  seems  to  be  suitable  to  overcome  the  difficulties 
and  ought  to  be  exemined  as  to  its  technical  realization.  Carton  attack  is  inevitable 
but  that  of  nitrogen  ia  not.  Generally,  controlled  atmospheres  are  obteined  by 
partial  combustion  of  natural  gas,  propan,  or  similar  gases,  with  air.  By  using  a 
gas-oxygen  combustion  mixture  inetead  of  an  air-containing  one,  a  nitrogen-free  gas 
would  be  obtained.  Then  the  use  of  iron-chromium-aluminum  alloys  would  be  possible, 
especially  as  these  alloys  are  also  le:s  sensitive  to  sulphur  than  the  alloys  con¬ 
taining  nickel. 

Finally,  it  ia  still  to  be  mentioned  another  reaction  which  runs  at  an  abnormal 
rate  although  it  does  not  concern  the  formation  of  molten  phases:  the  green  rot 
oxidation.  Thia  one  has  been  observed  with  alloys  on  the  basis  of  nickel-chromium 
in  gases  of  low  oxygen  content  and  is  characterized  by  the  inner  oxidation  of 
chromium  exclusively,  ^specially  furnace  atmospheres  alternating  between  carburizing 
and  oxidizing  may  lead  to  this  type  of  attack.  The  subsurface  oxidation  prevents 
the  formation  of  en  external  oxide  scale.  The  surface  swells  3nd  cracks  and  the 
alloy  becomes  brittle  and  can  be  broken  easily,  showing  s  typical  green  fracture. 

Fig.  tt  shows  an  Nl-20#0r-alloy  destroyed  by  green  ret  oxidati >n.  The  heterogenously 
composed  ond  complete. y  loosened  outer  layer  being  strongly  ferromagne , ic  becauee 
of  ita  high  nickel  content  cannot  give  any  essential  protection  ag3inst  the  pro¬ 
ceeding  attack. 

Tne  iaat  years  effortB  have  been  mode  to  develop  ulloyu  snowing  higher  resistance 
to  all  attacks  possible  in  controlled  atmospheres,  especially  to  nitrogen,  carbon, 
sulphur,  and  green  rot  oxidation.  For  this  purpose,  there  has  been  made  use  of  ex¬ 
periences  gathered  by  the  UG-Navy  with  nicicei-chromium-cast  alloys  of  nign  chro¬ 
mium  contents  used  as  tube  support  materials  in  oil  fired  murine  boilers.  The 
corrosion  caused  by  fuel  ushes  nas  been  diminishes  strongly  with  these  alloys  com¬ 
pared  with  all  other  alloys  used  so  far.  These  experiences  suggested  tne  development 
of  heater  alioya  with  hi, -her  chromium-contents.  Because  of  tne  misc.bility  gap  in 
the  Ni-Cr-alloy  system  the  chromium-content  has  to  be  limited  to  about  30  weight  # 
of  chromium,  thus  assuring  thia  alloy  to  be  situated  within  tne  y-region  above 
600  C  up  to  its  aeitin,  point.  A  final  estimation  of  tne  quality  of  tnis  alloy  under 


13-8 


various  conditions  seems  still  premature.  Anyhow,  the  advantage  of  the  high  chro¬ 
mium  content  has  already  become  clear  in  some  cases  where  this  alloy  has  been  used 
in  controlled  atmospheres.  The  alloy  Ni-30£Cr  shows,  moreover,  under  normal  work¬ 
ing  conditions,  especially  at  high  temperatures  in  air,  a  heat  resistance  being  at 
least  equivalent  to  that  of  the  beat  classical  nickol-chromium-heater  alloys. 
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SUMMARY 


A  new  technique  for  measuring 
by  observing  the  natural  frequency  of  a 


the  mechanical  properties  of  growing  oxide  films, 
freely  suspended  metal  specimen,  is  described. 


Values  are  given  of  the  Young's  modulus,  adhesion  and  plasticity  of  oxides  on 
Armco  iron  and  0.2$  carbon  steel,  at  temperatures  from  570°  to  900°C  and  on  pure  nickel 
at  temperatures  from  800°  to  1000°C. 


» 


Young's  modulus  values  on  iron  decrease  with  increasing  temperature  from  27  x  10 
lb  in  *  at  J70°C  to  22  x  10®  lb  in*®  at  800°C.  Adhesion  values  increase  with  increasing 
temperature  and  the  value  of  plastic  strain  before  failure  increases  from  2  x  10*4  at  500°C 
to  10  x  10*4  at  800°C. 


g  The  Young's  modulus  of  growing  nickel  oxide  scales  varies  from  46  -  60  x  10^  to 
JO  x  10°  lb  in"*  over  the  temperature  range  800  -  1000°C  and  its  excellent  adhesion  is 
explained  in  terms  of  the  mechanical  properties.. 


The  influence 
the  effects  of  specimen 


of  mechanical  properties  or.  oxidation  behaviour  i3  demonstrated  and 
geometry  and  thermal  shock  on  oxidation  behaviour  are  discussed. 


15.1 


MOST  WORK  01!  THE  KINETICS  OP  OXIDATION  of  metals  and  alloys  completely  ignores  the  effect 
of  the  mechanical  properties  of  the  surface  scale  that  is  formed.  However  it  has  been 

demonstrated  by  several  workers  ( A  )(2)(3)(4)  that  internal  stresses  develop  in  the  surface 
oxide  film  during  growth  and  therefore  subsequent  growth  kinetics  will  be  largely  dictated 
by  the  ability  of  the  oxide  to  withstand  these  stresses  without  cracking  cr  spelling. 

Previously  there  was  no  way  of  measuring  the  mechanical  properties  of  a  surface 
oxide  3cale  during  growth  at  high  temperatures  but  recently  a  method  has  been  developed  at 
Glasgow  (5)(6)  which  enables  this  to  be  done.  ^he  method  of  measuring  the  mechanical 
properties  of  growing  oxides  is  described  and  their  effect  on  oxidation  kinetics  is 
demonstrated. 

METHOD  OF  MEASURING  MECHANICAL  PROPERTIES  OP  SURFACE  OXIDES  AT  HIGH  TEMPERATURES . 

The  method  used  is  based  on  measuring  the  change  in  frequency  of  the  natural 
flexural  vibration  of  a  freely  supported  cylindrical  specimen  at  the  operating  temperature, 
as  the  surface  of  the  specimen  become:;  progressively  oxidised. 

Rayleigh  (7)  showed  that  the  characteristic  frequency  of  the  first  mode  of 
vibration  (fo)  is  related  to  the  dimensions  and  Young's  modulus  (Ej )  of  the  car  by  the 
following  equation. 


f0*  .  . (1) 

1 6*4*  mo 

where  a,  l  and  mo  are  the  radius  length  and  mass  of  the  rod  before  oxidation. 

As  the  rod  oxidises  the  frequency  will  change  and  at  any  time  will  be  given  by 

f*  -  (4.73)*  [Sx  c4  +  E2  (b4  -  c4)]  . (2) 

where  f  is  the  characteristic  frequency  of  the  oxidised  rod, 
b  is  the  outer  radius  of  the  oxidised  bar, 
a  is  the  inner  radius  of  the  metal  core  and 
Ea  is  the  Young's  modulus  of  the  oxide. 

The  charge  in  dimensions  of  the  specimen  can  be  related  to  the  mass  gain  due  to 
oxidation  by  an  equation  of  the  form  (5) 


where  h  is  defined  by  m  ■  no(l 


and  p 


Ea  bx  Mg 

Ei  Pa 


A) 


(4) 


whore  cx  and  Mx  are  the  density  and  atomic  weight  of  the  metal 

pa  and  Mg  are  the  density  and  molecular  weight  of  the  oxide  considered  as  MO^ 

Equation  (3)  neglects  higher  order  terms  of  h  but  the  error  involved  by  using  this  simpli¬ 
fication  is  <?j1.  (5)  This  equation  shows  that  the  progress  of  oxidation  can  be  followed 
by  frequency  measurements  and,  as  flexural  vibration  is  used,  it  is  extremely  sensitive  to 
surface  effects.  The  method  has  the  advantage  over  gravimetric  techniques  that  if 
cracking  of  the  oxide  does  occur  during  growth  then  this  will  be  shown  as  a  sudden  dis¬ 
continuity  in  the  frequency  response. 

The  apparatus  is  shown  diagrammatically  in  Fi.pure  1,  construction  details  and 
operation  procedure  have  been  recently  described  in  detail  elsewhere. (5 )  The  specimens 
used  are  0.?  inch  diameter  cylinders  6  inches  long  and  must  bo  accurately  ground  so  that 
the  variation  in  diameter  is  loss  than  ♦_  0,0003  in.  Measurements  can  be  nnde  at 
temperatures  up  to  1000°C  and  in  any  chosen  atmosphere  so  that  the  influence  of  gtiseous 
contamination  could  be  readily  investigated  if  required. 

Detailed  studies  have  been  made  of  the  oxidation  of  Armoo  iron  (0.038£g,  O.OU9/'4», 
O.OljtP,  0.075#  Mr,  Trace  Mi. )  and  0.055  carbon  steel  (0.19«#C,  C.126JCS,  O.U}2*F,  O.CJ8*:-  Mn, 
Trace  Ni,  0 .017t5Cr ) .  and  the  behaviour  of  these  materials  has  been  compared  with  that  of 
pure  nickel  (A41,  Ca<l,  Cu3.  Fe  20-30,  Mg<l,  Si?,  Agcl  ppm).  Nickel  was  (.  :o;en  rs  a 
comparative  materiel  because  it  ic  known  to  have  highly  adherent  oxide  iilm.iO) 

Measureaer  ts  have  been  made  on  the  vibration  apparatus  and  compared  with 
gravin' trie  measurements  made  on  a  cor  vent  iona!  Stanton  HT-D  recording  theroobalance. 

OXIDES  FORMED  OH  IRON  AND  NICKEL  The  results  of  oxidation  tests  using  the 
theroobalance  are  shown  in  Figure  ?  for  both  Armco  iron  ar.d  0.25»  carbon  steel.  The  usual 
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smooth  oxidation  curves  are  obtained  with  no  evidence  of  discontinuities.  However,  results 
us  inf;  the  vibrational  technique  are  shown  in  Figure  }  for  Armco  iron  and  Figure  4  for  the 
0.2$  carbon  steel,  these  demonstrate  that  the  oxide  film  is  cracking  sporadically  during 
growth  as  shown  by  the  sudden  discontinuities  in  the  curves  obtained.  Measurements  have 
been  taken  up  to  200  hours  exposure  and  this  initial/  pattern  of  behaviour  is  found  to 
continue  throughout  the  period  of  oxidation. 

Comparison  tests,  using  nickel  in  the  vibration  apparatus  at  a  temperature  that 
would  give  similar  values  of  A  to  those  on  iron,  showed  that  the  vibration  curves  were 
smooth  and  continuous,  Figure  5»  as  obtained  with  the  thermobalance  technique  and  showed  no 
evidence  of  the  discontinuities  observed  with  the  iron  specimens .  This  i3  in  agreement 
with  the  observed  behaviour  of  oxides  on  iron  and  nickel  under  'se  conditions.  The 

oxide  film  on  iron  is  friable  and  spalls  easily  whereas  that  of  nickel  is  extremely  adherent. 

To  explain  the  difference  in  behaviour  of  the  oxides  on  iron  ana  nickel  it  is 
necessary  to  examine  the  mechanical  properties  of  the  oxides  formed. 

YOUNG'S  MODULUS  OF  THE  OXIDES  FORMED  OH  IRON  AND  NICKEL.  Examination  of  equation 
(5)  shows  that  if  values  of(f8  -  fo^yfo8  are  plotted  against  values  of  A,  a  linear  relation¬ 
ship  should  be  obtained  and  tho  gradient  of  the  line  will  give  a  value  of  p  and  hence  a 
value  for  the  modulus  of  the  surface  oxide  at  any  tenperature.  At  each  temperature,  values 
of(f8  -  fo^fo8  can  be  obtained  from  frequency  results  and  values  of  /^corresponding  to  the 
same  exposure  times  can  be  obtained  from  thermobalance  results.  The  values  will  be 
inaccurate  due  to  the  oxide  cracking  when  only  a  thin  layer  of  oxide  is  present  at  short 
time  exposure,  but  the  inaccuracy  decreases  as  the  exposure  time  is  increased,  when  the 
total  frequency  change  due  to  the  oxide  layer  is  large  compared  to  tho  instantaneous  change 
due  to  individual  cracking.  The  values  obtained  for  Young's  modulus  are  accurate  to  within 
Hh  10$  and  are  shown_in  Figure  6;  (5)  the  modulus  values  decrease  with  increasing  temperature 
from  27  x  K)6  lb  in  8  at  570°C  to  22  x  10^  lb  in-8  at  800°C  and  similar  results  are  found 
for  both  Armco  iron  and  0.2$  carbon  steel. 

Modulus  values  for  nickel  oxide  have  al3o  been  measured  in  this  way  (6)  ard  are 
shown  in  Table  1  together  with  earlier  values  measured  on  bulk  oxides  by  Menzies  and 
Strafford. (9)  The  nickel  results  are  not  as  accurate  as  tho  iron  results  because  the 
number  of  experiments  performed  was  much  less  and  there  is  always  some  scatter  when 
measuring  oxide  properties.  The  values  obtained  are  higher  than  those  of  Menzies  arid 
Strafford  but  this  is  to  be  expected  for  in  their  samples,  which  were  made  by  completely 
oxidising  nickel  specimens,  appreciable  voldagc  is  present  which  would  give  lower  values. 
However  considering  the  different  oxide  forms  tested  the  results  are  conparablo. 

TABLE  1  ^ 

Values  of  Young's  Modulus  for  Nickel  Oxide 


„  o.  Modulus,  lb  in 

Temp  C  _ ■  _ 


Present  work 

- /  Q 

Menzies  and  Gtrafford'1 

700 

25.4  -  55.4  x  106 

000  40  -  60  x  10°  | 

850 

19.4  -  25.4  x  10 C 

90  0  50  x  10 6 

1000  57  x  106 

ADHESION  OF  OXIDES.  Measurements  of  tho  adhesive  forco  between  oxides  and  iron 
have  been  made  by  Gulyaev,  (10 )  who  recorded  tiie  force  required  to  separate  a  plate  and  a 
cone  attached  by  oxide  and  by  Peters  Mid  Engell,  ( L1  )  who  determined  the  adhesion  of  surface 
oxides  on  steel  by  .  luing  tho  oxide  to  a  solid  base  and  measuring  the  forco  required  to  pull 
it  off.  Both  these  measurements  lequire  attachment  of  a  pulling  devise  to  transmit  the 
force  to  the  oxide  and  hence  the  measurements  are  rather  artificial. 

B>j:t  using  the  vibration  technique  it  is  possible  to  moasuro  adhesion  by  subjecting 
the  aoale  to  thermal  stresses  by  rapid  cooling  and  noting  the  temperature  drop  which  is  just 
aufficient  to  cause  cracking  and  loos  of  adhesion.  This  is  possible  because  tho  technique 
is  so  sensitive  tc  surface  cracking. 

Tho  coefficient  of  thormal  expansion  of  the  motel  in  greater  than  that  of  the 
oxide  and  therefore  during  cooling  the  oxide  is  subjected  to  cooproca Ive  stresses  in  both 
the  hoop  and  longitudinal  direction,  but  the  circumferential  ctrosii  can  bo  shown  t  !o  *he 
dominant  stress  (6)  and  the  eppoaranoo  of  oxide  ridges  which  run  o.lon  :  tho  specimen  aftor 
cooling  confirms  this  observation. 


15-3 


Considering  a  cylinder  of  diameter  *c*  with  an  oxide  film  of  thickness  6,  if  the 
oxide  is  to  remain  in  contact  with  the  metal  when  the  tempei ature  drops  by  T°C  then  a 
radial  inward  force  will  be  exerted  on  the  oxide  film.  If  the  inward  force  is  F  per  unit 
area  of  surface  contact  then, if  contact  is  to  be  maintained  (6) 

P  .  (ara  -  ao)T&  (5) 

c 

where  am  and  a0  are  the  coefficients  of  thermal  expansion  of  tha  metal  and  oxide  respect¬ 
ively. 


The  adherence  A  is  the  value  of  P  at  the  temperature  drop  Ta  that  just  produces 
cracking,  therefore 


A  =  Eg  (t-ra  -  a0)Ta  6 
c 


(6) 


Adhesion  values  were  obtained  with  the  vibration  apparatus  by  measuring  the 
frequency  of  ar.  oxidising  specimen  after  the  ini'. 'al  lar^e  frequency  chance  was  completed 
and  the  frequency  was  only  varying  slightly  due  to  the  local  oxide  cracking,  the 
temperature  was  then  dropped  a  given  amount  by  switching  off  the  furnace.  When  it  had 
dropped  the  required  amount  the  furnace  was  switched  on  again  and  the  specimen  returned  to 
the  original  test  temperature  whilst  the  frequency  change  was  noted.  If  there  wa3  little 
or  no  change  the  procedure  was  repeated  with  a  larger  temperature  drop  until  the  subsequent 
frequency  response  showed  that  appreciable  failure  oi  the  oxide  had  ocurred,  as  shown  in 
Figure  7  (C)  when  drops  of  50°,  10C°,  175°  and  250°C  had  little  effect  but  a  drop  of  325° 
caused  appreciable  damage.  In  this  war  the  adhesion  values  at  any  temperature  could  be 
bracketed  U3in-  the  values  of  Young' 3  nr  dulus  of  the  oxides  obtained  in  the  previous 
section  and  values  of  coefficients  of  expansion  of  iron  andiron  oxides  given  by  Tylecote(l2) 
(Fe  -  12.2  x  10'^  and  FeO  -  15-3  x  10"6  deg  C"-).  The  value  for  FeO  has  been  taken  because 
the  film  formed  during  oxidation  cons  nts  mainly  of  FeO  in  the  temperature  range  considered. 


The  results  of  the  adhesion  tests  lor  both  Armco  iron  and  0.2$'  carbon  steel  are 
given  in  Figure  0  which  cho/s  that  the  oxide  adhesion  increased  as  the  testing  temperature 
increased.  The  reasons  for  the  increased  adhesion  at  high  temperatures  is  closely  linked 
with  the  plasticity  of  the  oxide  scale,  which  is  discussed  in  the  following  section. 


The  adhesion  values  of  nickel  oxide  proved  to  be  impossible  to  bracket,  because 
appreciable  scale  damage  could  not  be  produced  even  on  cooling  from  the  test  temperature 
down  to  20°C  and  ‘.lit  reasons  for  the  excellent  adhesion  of  nickel  oxide  is  discussed  in  the 
following  section. 


PLASTICITY  CF  SURFACE  OXIDE  SCALES.  During  cooling  of  an  oxidised  specimen  the 
total  oxide  strain  'c0x'  after  a  drop  of  T°C  is  given  by 


(a  -  a 
'  n  0 


(7) 


The  value  of  oxide  strait,  for  each  temperature  drop  made  during  the  adhesion  tests 
lias  been  measured  and  in  Fi  arc  9  (f>)  it  is  plotted  against  tile  original  test  temperature. 
Tile  temperature  drop  !'  produce  this  strait,  is  given  by  the  scale  at  the  right  hand  side  of 
Figure  9. 
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Tylecot  j  (1?)  has  measured  the  ultimate  tensile  strength  of  i/iotitc  at  various 
temperatures  -1/11'.  nr  found  no  measurable  elongation.  Therefore  us.in»r  his  results  and  the 
values  of  oxide  modulus  measured  by  the  vibration  technique,  pivot,  it:  Fixture  6,  values  of 
the  elastic  strains  to  the  ultimate  at  each  temperature  car.  be  measured  and  these  are  also 
shown  in 
the  titers 
fracture 
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described  in  Sootio-i  2  shows  that  the  difference  in  the  type  of  oxidation  behaviour  between 
nickel  and  iron  can  he  largely  accounted  for  in  terms  of  the  mechanical  properties  of  the 
oxides  formed. 

When  nickel  oxiuioes  it  has  been  shown  that  the  surface  scale  grows  without 
appreciable  oracking  and  therefore  kinetic  Btudies  using  conventional  diffusion  data  should 
not  be  appreciably  in  error  due  to  oxide  cracking. 

Results  on  iron  show  that  the  oxide  film. cracks  continually  during  growth  and. 
under  these  circumstances,  kinetic  studios  will  be  governed  by  mechanical  considerations. 
However  the  specimens  used  were  cylindrical  in  shape  and  it  is  known  that  the  effect  of 
specimen  geometry  has  a  marked  influence  on  the  oxidation  kinetics  of  iron.  Juenker, 
Meusaner  and  Uirchenall  (13)  showed  that  cylindrical  specimens  produced  voided  oxides  with 
loss  of  adhesion  at  the  metalioxido  interface)  whereas  flat  specimens  produced  a  much  more 
coherent  scale.  TV  esc  effects  were  attributed  to  stressor  in  the  oxide  but  the  etressee 
could  not  be  measured.  However-  with  the  values  of  oxide  strain  to  fracture  given  in 
Seotion  2  it  is  now  possible  to  expluin  and  predict  the  effects  of  specimen  geometry. 

When  flat  specimens  of  iron  ore  used  (14)(15)  the  oxide  scales  are  adherent  and 
consist  of  an  inner  layer  of  FcO,  an  intermediate  layer  of  Fe*04  and  a  thin  outer  layer  of 
FegOj.  The  oxidee  present  are  in  the  ratio  95$  FeO,  5$  Fej04  and  1$  Fea0j .  However  with 
cylindrical  specimens,  over  the  same  temperature  range,  non  adherent  oxides  are  formed,  the 
local  scale  composition  depends  upon  whether  or  not  it  is  in  contact  with  the  underlying 
metal,  but  the  average  scale  composition  (16)  is  34$  PeO,  65$  Fea04,  1$  FeaC»  which  is  very 
different  from  that  observed  with  flat  specimens.  In  the  FeO  and  FeaOa  layers,  which 
constitute  the  major  part  of  the  oxide  scale  on  both  type  of  specimen,  Hsuffe  (17)  has 
shown  that  these  scales  grow  by  outward  diffusion  of  iron  ions.  On  flat  specimens  this 
means  that  there  will  be  little  internal  streas  generated  during  growth.  On  cylindrical 
epeoimens  however  the  metal  core  will  be  reduced  as  the  specimen  oxidises  and,  if  the  oxide 
is  to  remain  adherent,  it  must  deform.  Section  2  shoved  that  if  the  oxide  was  subjected 
to  strains  greater  than  2  x  10-4  at  500°C  and  10  x  10**  at  800°C  then  failure  end  loss  of 
adhetion  occure.  This  means  that  at  500°C,  on  a  specimen  of  0.2  in  diameter,  failure  will 
occur  when  the  metal  diameter  is  reduced  by  0.2  x  2  x  10~4  -  4  x  10"^  in. and  at  800  C  when 
the  diameter  reduces  by  0,2  x  10  x  10“4  -  2  x  10"*  in.  It  can  easily  be  calculated  from 
gravimetric  measurements  or  shown  from  microscopical  observation  (16)  that  such  reductions 
in  diameter  occur  after  short  tern  exposure  at  either  temperature  and  therefore  in  C.2  in. 
diameter  specimens  cracking  and  loss  of  adhesion  occur  throughout  the  exposure  time  as  can 
be  clearly  seen  in  Figure  11.  Thus  the  mechanical  properties  0:  the  oxide  and  the 

geometry  of  the  specimer.  will  largely  control  both,  the  rate  of  oxidation  and  chemical 
composition  of  the  3cale  produced. (16)  The  marked  lac'  of  adhesion  in  the  cylindrical 
specimens  shown  in  Fitrure  11  appreciably  reduces  the  effective  rate  of  transport  of  metal 
iuue  through  the  oxide  scale  and  accounts  for  the  feet  that,  in  spite  of  local  oxide 
cracking,  the  rate  of  scale  growth  is  slower  than  the  familiar  parabolic  behaviour. 

These  results  demonstrate  that  for  a  thorough  understanding  of  the  oxidation 
behaviour  the  mechanical  properties  ore  of  equal  importance  to  kinetic  transport  Btudies 
and,  under  cyclic  oxidation  conditions  or  contaminated  atmosphere,  where  spallirg  and  lack 
of  adhesion  invariably  occur  (IS)  the  mechanical  properties  should  probably  be  the  primary 
consideration. 
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Fig.  9.  Oxide  strains  involved  during  thermal  shock  of  growing  oxide  scales.  The  right 

hand  scale  gives  the  temperature  drop  to  produce  cracking  at  each  test  temperature. 
Values  of  the  elastic  strains  of  the  oxide  at  it3  ultimate  tensile  strength  are 
also  included,  (from  Ref. 6) 
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Fig.  10.  Strains  produced  hy  ucol.r.g  oxide  scales  on  nickel  in  room  tsxpwraturo  from 

various  tsot  tenporotures,  compared  with  the  elastic  strain  of  nickel  oxide  at 
its  yeild  point  (from  Ref. 6) 
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SUMMARY 

The  paper  reviews  the  effects  of  reactor  radiation  on  corrosion. 

In  particular  it  discusssu  in  some  detail  the  inaction  between  CO2  and  graphite  under  irradiation 
where  the  main  effects  arise  from  gamma  irradiation  of  the  gas.  The  effects  on  corrosion  rate  of 
do3e  rate,  pressure,  temperature,  gaseous  additive?  and  modifications  to  the  graphite  pore  structure 
are  described  and  contrasted,  where  relevant,  with  the  corresponding  effects  in  the  absence  of 
irradiation.  Differences  are  also  noted  between  the  thermal  and  radiolytic  processes  in  regard  to 
the  changes  in  pore  structure  and  mechanical  properties  derived  from  corrosion  to  the  same  weight 
loss. 

A  short  section  is  devoted  to  the  changes  in  the  (out-of-pile)  reactivity  of  graphite  towards  air 
resulting  from  pre-irradiation  of  the  graphite  by  fast  neutrons  and  the  effects  are  compared  with 
other  effects  of  fast  neutron  damage  to  grapnite. 

Finally,  the  paper  examines  briefly  the  current  state  of  knowledge  concerning  the  effects  of 
irradiation  in  the  corrosion  rate  of  zirconium  alloys  in  steam  or  water  and  related  phenomena.  It 
concludes  that  the  effects  arise  from  the  production  of  interstitial  oxygen  atoms  in  the  zirconium 
oxide  scale  tut  that  the  explanation  of  their  enhanced  mobility  is  not  /et  available. 


SYMBOLS 


Diffusion  Coefficient 
Planck's  Constant 
Equilibrium  Constant 
Constants 

Distance  Through  Scale 
Flux  of  Atoms 

Partial  Pressure  of  Oxygen 
Electron 

Interstitial  Oxygen  Ion 
Vacancy 
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IT  IS  TO  BE  EXPECTED  that  gas-solid  corrosion  reactions  will  be  considerably  modified  in  irradiation 
fields.  This  paper  discusses  results  obtained  from  technological  studies  relating  to  three  examples 
which  have  occurred  In  the  development  of  important  nuclear  reactor  systems.  The  first  concerns  the 
reaction  between  carbon  dioxide  and  graphite  in  an  irradiation  field  where  the  main  effect  is  the 
modification  of  the  carbon  dioxide  by  yradiation;  this  has  been  an  important  problem  in  the  develop¬ 
ment  of  the  Advanced  Gas-cooled  Reactor.  The  second  concerns  the  enhanced  chemical  reactivity  of 
graphite  towards  air  resulting  from  neutron  damage  to  the  graphite;  this  is  not  a  normal  operational 
problem  for  current  raactor  types,  but  was  very  relevant  to  the  early  air-cooled  graphite  moderated 
reactor,  and  has  to  be  taken  account  of  in  safety  studies  for  any  graphite  moderated  reactor  if  an 
air  leak  into  the  system  can  be  postulated.  The  third  concerns  the  corrosion  of  the  zirconium  in  an 
aqueous  environment,  and  is  relevant  to  most  types  of  water  moderated  and  cooled  reactor,  since  these 
use  zirconium  alloys  either  as  fuel  cladding  materials  or  as  pressure  tubes,  or  both.  The  paper 
suggests  that  the  role  of  irradiation  here  is  to  change  the  defect  structure  of  the  oxide  scale  on 
the  zirconium,  and  thus  to  modify  tra  isport  processes  through  this  scale. 

THE  C02  GRAPHITE  REACTION 

In  a  reactor  moderated  by  graphite  and  cooled  by  carbon  dioxide  the  radiation  is  of  mixed  type.  As 
far  as  the  gas  is  concerned  the  extent  of  absorption  of  energy  from  neutrons  and  gamma  rays  is 
relatively  small  and  the  great  bulk  of  the  radiation  damage  to  the  coolant  arises  from  secondary 
electrons.  It  is  a  point  of  experimental  demonstration  that  the  gas  which  is  significant  to  the 
radiolytic  reaction  between  C02  and  graphite  is,  almost  entirely,  cas  contained  within  the  pore  of 
the  graphite  and  not  the  gas  contained  in  the  free  space  in  fuel  plement  channels,  for  example.  In 
this  regard  the  reaction  is  analogous  to  the  low  temperature  chemical ly-limitej  regime  of  the  thermal 
reaction  between  OO2  and  graphite  ratner  than  to  the  high  temperature  diffusion  controlled  regime, 
as  indeed  would  be  expected  from  comparison  of  the  numerical  values  of  the  rates  of  reactions  under 
practical  conditions.  In  normal  commercial  graphites  the  open  pores  make  up  about  10-20$  of  the 
total  volume.  The  diameters  of  these  pores  have  a  fairly  wide  distribution  but  commonly  show  a  peak 
in  the  neighbourhood  of  5-10  microns.  Under  these  conditions  the  pores  can  be  regarded  as  Bragg- 
Gray  cavities  (1).  Since  the  electron  densities  of  CO2  and  graphite  are  identical  the  secondary 
electron  flux  to  the  C02  can  be  calculated  directly  from  the  dose  to  the  graphite,  which  can  be 
measured  calorimetrically. 

RADIATION  STABILITY  OF  CO2  -  High  yields  of  CO  are  obtained  by  the  irradiation  of  C02  in  the 
presence  of  small  amounts  of  oxygen  acceptors.  Even  in  the  absence  of  these  vacuum  ultraviolet 
radiation  leads  to  the  production  of  CO  with  a  yield  dependent  on  rate  of  gas  flow  (2).  It  therefore 
seems  likely  that  the  apparent  stability  shown  in  some  experiments  arises  from  a  rapid  recombination 
of  the  primary  radiolytic  products.  Analysis  of  likely  reactions  in  terms  of  their  energy  require¬ 
ments  (3)  indicates  that  a  number  of  orocesses  leading  to  the  formation  of  CO  and  oxygen  atoms  are 
possible  with  minimum  energy  requirements  of  5.5  eV.  Excited  C02  molecules,  which  may  be  an  inter¬ 
mediate  step  in  the  dissociation  of  CO2,  require  smaller  energies.  The  available  experimental 
evidence  does  not  distinguish  between  the  two  possibilities  of  excited  molecules  and  oxygen  atoms  as 
the  active  oxidising  species  produced.  But  it  is  clear  that  in  the  presence  of  a  gamma  field  the 
CO2  is  transformed  to  produce  some  species  very  much  more  reactive  towards  graphite  than  the  normal 
CO2  molecule,  and  that  this  species  dominates  the  reaction  between  CO2  and  graphite  under  irradiation. 
This  is  demonstrated  in  the  following  sections  where  the  effects  of  temperature,  pressure,  dose 
rate,  type  of  graphite,  and  gaseous  inhibitor  upon  the  reaction  are  presented  and  contrasted  with 
those  where  appropriate  .or  the  thermal  C02  graphite  reaction. 

EFFECT  OF  TEMPERATURE  -  It  is  well  establisned  from  many  earlier  experiments  that  the  thermal 
reaction  between  CC2  and  graphite  occurs  in  two  parts.  Initially  a  surface  oxide  is  formed  on  the 
graphite  with  no  removal  of  caruon  atoms  from  the  matrix,  Eq  (1).  Subsequently  the  surface  oxide  is 
disengaged  from  the  matrix  bringing  with  It  carbon  sl.-tis  as  CO,  Eq  (2). 


RC-  +  CO,,  * _ ^  RC  ( 0)  +  CO  .  (1) 

RC(  0)  - >  R-  *•  CO  .  (2) 


RC-  and  R-  represent  graphite  surfaces  wltn  three  valency  sites. 

The  second  stage  of  caruon  removal  only  comes  into  play  at  temperatures  above  about  000°C,  where  the 
equilibrium  constant  of  reaction  (1)  permits  a  sufficient  number  of  occupied  sites  to  exist.  The 
activation  energy  of  the  gasification  reaction  is  59  K  cal/mol.  (<»).  By  contrast  the  radiolytic 
reaction  proceeds,  for  realistic  dose  rates,  at  a  measurable  rate  at  room  temperature,  and  this  rat# 
is  almost  independent  of  temperature  between  200°C  and  550°C  as  indietted  in  Fig.  1. 

EFFECT  GF  DOTE  RATE  AND  PRESSURE  -  We  can  regard  the  primary  Step  as  a  bi-molecular  reaction 

hv  +  C02  - >  C02»  .  (3) 

where  COj*  represents  the  active  species  first  produced.  We  would  therefore  expect  the  rate  of 
production  of  the  active  species  to  be  proportional  to  dose  rate  and,  for  a  given  graphite,  to  gas 
pressure.  Figures  2(a)  and  2(b)  taken  ,rom  Refere.ic*-  (u)  shjws  the  rite  of  loss  of  carbon  plotted 
against  dose  rate,  and  pressure  respectively,  the  results  being  obtained  from  experiments  c»  “led 
out  In  a  materials  test  reactor.  If  It  is  assumed  th-t  the  rate  of  carbon  removal  is  proportional 
to  the  rate  of  production  of  active  species  then  these  data  follow  the  expected  form.  In  regard  to 
dose  rate,  there  is  obviously  no  comparison  with  the  thermal  reaction;  In  regard  to  pressure,  the 


16-2 


direct  proportionality  in  the  radiation  dose  is  to  be  compared  (4)  with  the  lack  of  dependence  of 
rate  of  the  thermal  reaction  on  total  pressure. 

DEPENDENCE  ON  GRAPHITE  PORE  STRUCTURE  -  Technical  carbons  and  graphites  vary  very  widely  in 
their  physical  and  chemical  properties,  and  it  is  customary  to  analyse  such  variation,  impurity 
effects  being  excluded,  into  two  classes  related  to  crystallographic  and  pore  structure  parameters 
respectively.  Thermal  reaction  rates  towards  CO2  for  different  types  of  carbon  are  therefore 
correlated  through  a  specific  reaction  rate  constant  which  allows  for  surface  area  differences 
between  the  materials,  always  provided  that  the  reaction  is  taking  place  in  the  chemically-controlled 
regime  (temperature  up  to  about  1,000°C).  At  higher  temperatures  the  thermal  reaction  becomes 
diffusion  limited,  and  the  rate  is  therefore  dependent  only  on  the  external  surface  and  not  on  the 
internal  pore  surface. 

By  contrast,  a  set  of  measurements  carried  out  in  pile,  at  350°C  and  200  p.s.i.  pressure,  with  a 
wide  range  of  graphites,  showed  no  correlation  whatever  with  surface  area,  despite  tne  fact  that  the 
weight  loss  rate  per  unit  dose  varied  almost  over  an  order  of  magnitude.  Of  several  pore  structure 

parameters  which  were  investigated,  the  only  one  which  gave  a  useful  correlation  of  the  data  was  the 

simplest,  namely  the  open  porosity  01  the  graphite  derived  from  density  measurements  in  mercury  and 

helium.  Results  are  shown  in  Fig.  3,  taken  from  Ref.  (6),  which  indicates  a  good  linear  correlation. 

With  the  same  assumption  as  before,  namely  that  the  number  of  carbon  atoms  removed  is  proportional 
to,  if  not  equal  to,  th£  number  of  active  species  produced,  this  again  is  the  result  expected  from 
Eq  (3)  above.  The  effective  concentration  of  COj  will  be  the  mass  of  CO2  in  the  pores  of  the 
graphite  per  unit  mass  of  graphite,  i.e.  for  a  given  temperature  it  is  the  product  of  pressure  and 
pore  volume  per  unit  mass  of  graphite. 

The  insensitiveness  of  radiolytic  corrosion  rate  to  graphite  surface  area  follows  from  the  absence 
of  thermodynamic  equilibrium  in  the  gas  phase.  The  excited  molecules  can  lose  their  excess  energy 
by  collision  with  a  graphite  surface  but  cannot  recover  it  by  further  collisions.  Hence,  an  excited 
CC2  molecule  having  once  collided  with  the  graphite  surface  has  then  lost  its  energy;  on  a  further 
collision  it  is  no  longer  excited  and  therefore  no  longer  capable  of  reaction.  Reaction  rate  is 
therefore  not  dependent  on  tne  number  of  collisions  per  unit  time  and  therefore  not  dependent  on 
graphite  surface  area.  It  is  dictated  instead  by  the  rate  of  supply  of  active  species,  i.e.  by  the 
product  of  flux  and  mass  of  gas  in  the  pores,  as  experimental 1 /  found. 

DEACTIVATION  OF  EXCITED  SPECIES  -  It  has  been  already  noted  that  the  theoretical  picture 
enunciated  makes  predictions  about  the  rate  of  production  of  active  species  from  COj,  whereas  the 
experimental  data  recorded  refers  to  the  rate  of  removal  of  carbon  from  the  solid,  so  that  the 
agreement  between  experiment  and  prediction  implies  a  direct  relationship  between  these  two 
quantities.  This  in  turn  implies  that  any  other  processes  for  de-activation  of  the  CO2  molecules 
must  either  be  absent  or  must  remove  a  constant  proportion  of  the  active  species  under  the  experi¬ 
mental  conditions  examined.  It  would  be  expected  that  some  de-activation  should  occur  by  gas  phase 
collisions.  If  the  active  species  is  an  excited  C02  molecule  then  the  appropriate  equation  can  be 
written  as 

c<y  +  co2 - >  2C02  .  (a) 

If,  on  the  other  hand,  the  active  species  is  an  oxygen  atom,  then  the  de-activation  process  can  be 
written  as 

0  +  CO  +  M - >  C02  +  M  .  (5) 

In  this  equation  W  is  a  CO2  molecule;  the  binary  reaction  between  an  oxygen  atom  and  a  CO  molecule 
to  produce  CO2  is  energetically  unlikely  and  a  third  oody  is  required  to  dissipate  the  energy 

released. 

In  .'act  the  agreement  Illustrated  by  Fig.  3  must  be  regarded  as  somewhat  fortuitous.  It  arises 
brcause  in  the  graphites  examined  the  range  of  the  active  species,  i.e.  th.»  average  distance  which 
this  species  will  travel,  before  it  has  lost  its  energy  by  gas  phase  collisions,  !s  greater  than  the 
effective  radius  of  the  pores  in  the  graphite  studied.  Hence,  lr  these  materials  the  contribution 
of  de-activation  reactions  such  as  those  Indicated  in  Eq  (4)  and  (i)  is  negligible,  and  it  may  be 
assumed  that  all  the  active  species  produced  by  the  radiation  are  removed  by  reaction  with  the 
graphite. 

We  should  therefore  expect  to  find  this  simple  relationship  to  break  down  in  experiments  in  which 
pore  diameters  are  significantly  larger  than  this  range.  Eabeton  et  al.  (7)  have  described  such 
experiments  in  which  the  large  pores  were  obtained  by  two  different  methods.  In  the  first  procedure 
the  manufacturing  route  for  the  graphite  was  selected  In  order  to  produce  pores  with  diameters  u;  to 
26  microns,  and  in  the  second  procedure  a  standard  graphite  (mean  pore  diameter  about  b  microns)  was 
oxidised  rediclytically  up  to  a  maximum  weight  loss  of  about  I’Bl.  Fig.  4(a)  show,  the  experimental 
results  for  mean  oxidstlon  rate  plotted  es  a  function  of  open  pore  volume,  essumlng  that  the  total 
accessible  pore  volume  was  operative,  while  Fig.  4(b)  shows  a  simitar  plot  where  the  measured  open 
pore  volume  has  baen  corrected  on  the  assumption  .hat  only  pores  In  the  sire  range  0.1  to  b.O 
microns  are  effective  from  the  point  of  view  of  radiolytic  oxidation,  falculatlon  of  the  coefficient 
of  correlation  by  linear  regression  analysis  confirms  the  view  obtained  by  Inspection  of  the  curve*. 
The  correlation  coefficient  is  0.898  for  Fig.  4(a)  and  0.47'j  for  Fig.  4(b).  Fig.  b  shows  data 
obtained  from  the  radiolytic  oxidation  of  a  single  specimen,  progressively  oxidised  up  to  28<  weight 
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loss.  At  each  stage  the  open  porosity  of  the  specimen  was  measured  and  it  is  therefore  possible  to 

obtain  an  experimental  relation  between  rate  of  weight  loss  and  open  porosity  from  the  single 

specimen.  It  is  seen  that  the  results  are  very  far  from  showing  a  linearrelationship.  In  fact  the 
oxidation  rate  goes  through  a  maximum  and  then  decreases  as  the  open  porosity  passes  through  a  value 

of  around  26%.  Clearly  the  pore  volume  produced  at  the  highest  weight  losses  is  for  some  reason  not 

contributing  to  the  radiolytic  oxidation  rate  as  expected. 

Labaton  at  al.  have  analysed  their  experimental  data  on  the  basis  both  of  Eq  (4)  and  (S)  above. 

They  conclude  that  neither  explanation  can  be  accepted  unequivocally  and  adduce  evidence  for  both 
types  of  de-activation  mechanism.  Comparison  of  their  experimental  data  with  those  of  Dominev  and 
Morley  (9)  and  with  the  data  given  by  Mahan  and  Solo  (9)  and  by  Avramenko  and  Kolesnikova  (10)  for 
the  recombination  cross-section  of  0(3P)  and  CO  strongly  suggest  that  an  oxygen  species,  not 
necessarily  an  oxygen  atom  in  its  ground  state,  is  present  in  the  radiolysed  gas. 

EFFECTS  OF  OXIDATION  ON  PORE  STRUCTURE  -  The  ideas  discussed  above  can  be  used  for  a  calculation 
not  only  of  the  change  in  total  porosity  of  the  graphite  with  radiolytic  corrosion,  but  also  to 
calculate  how  the  pore  size  distribution ^in  the  material  changes.  Since  the  rate  of  the  thermal 
reaction  (in  the  chemically-controlled  regime)  depends  on  the  internal  pore  surface,  and  that  of  the 
radiolytic  reaction  depends,  to  a  first  approximation  at  least,  upon  the  internal  pore  volume,  then 
the  porosity  distribution  function  will  change  with  burn-up  in  a  different  way  according  to  whether 
the  oxidation  is  carried  out  thermally  or  radiolytically.  In  practice  the  distinction  is  blurred 
because  the  manner  of  change  also  depends  to  some  extent  on  assumptions  about  the  shape  of  the 
pores.  For  the  graphites  which  have  been  examined  experimentally,  the  most  probable  shape  is  slab 
or  cylindrical,  and  on  this  basis  Labaton  et  al.  have  calculated  pore  size  distribution  curves  for 
different  radiolytically-produced  weight  losses.  The  resulting  curves  are  shown  in  Fig.  6,  compared 
with  experimental  data.  It  is  seen  that  the  agreement  is  very  good  for  a  13%  weight  loss  graphite, 
and  at  least  fair  for  the  27.6%  weight  loss  material. 

EFFECTS  OF  RADIOLYTIC  OXIDATION  ON  MECHANICAL  PROPERTIES  -  For  reasons  already  discussed,  the 
change  in  mechanical  properties  of  graphite  for  a  given  amount  of  burn-off  produced  oy  thermal 
reaction  with  CO2  depends  upon  the  seat  of  the  reaction  interface  and  therefore  is  greater  for  the 
chemically-  than  for  the  diffusion-controlled  rlgime.  The  radiolytic  reaction  discussed  above 
takes  place  within  the  body  of  the  grapnite,  and  thus  corresponds  more  to  the  chemically-controlled 
situation.  However,  there  is  in  addition  the  factor  that  reaction  rate  at  the  walls  of  a  given  pore 
depends  on  the  pore  diameter.  Thus,  unit  area  of  carbon  present  as  walls  of  fine  pores  will,  at 
least  to  a  first  approximation,  suffer  loss  during  radiolytic  oxidation  than  will  unit  area  in  the 
form  of  walls  of  large  pores.  Hence,  if  the  graphite  concerned  is  (as  is  common  with  the  industrial 
product)  a  multi-phase  material,  and  these  phases  differ  in  the  distribution  of  pore  sizes  contained 
within  them,  then  selective  removal  of  one  phase  with  respect  to  another  may  occur  differently  in 
the  two  processes.  This  seems  the  likeliest  explanation  of  Fig.  7  (from  Ref.  11)  which  compares  the 
effect  on  Young's  modulus  and  strength  of  graphite  for  a  given  amount  of  oxidation  by  CO2  when 
produced  either  thermally,  in  the  diffusion  regime,  or  radiolytically.  The  implication  of  this 
curve  on  this  reasoning  is  that  the  large  pores  in  the  materials  examined  occur  in  those  parts  of 
the  structure  '-vhich  are  of  less  significance  to  its  mechanical  integrity. 

EFFECT  OF  INHIBITORS  -  Inhibition  of  the  thermal  CO2  graphite  reaction  by  carbon  monoxide 
arises  (4)  from  the  effect  of  the  latter  on  the  oxygen-exchange  equilibrium  cf  Eq  (l).  The 
supposition  that  radiolysed  CO2  contains  excited  species  implies  that  molecules  which  can  scavenge 
these  species  should  reduce  the  rate  of  radiolytic  reaction.  In  the  technological  studies  carbon 
monoxide  was  an  obvious  scavenger  to  try.  Many  experiments  were  done  on  these  lines,  and  typically 
gave  results  indicated  by  Fig.  8  taken  from  Ref.  (8).  Sinco  the  Inhibition  obtained  in  this  way  was 
Inadequate  for  practical  purposes,  more  powerful  inhibitors  were  sounht.  Fig.  9  from  a  paper  (12) 
by  Hutcheon  and  Prince  shows  the  results  of  one  set  of  experiments  in  which  different  concentrations 
of  methane  were  added  to  CO2  in  radiolytic  oxidation  experiments.  It  is  clea.-  that  this  inhibitor 
can  exert  a  profound  effect  in  slowing  down  the  rat*  of  attack,  here  measured  by  the  rate  of 
evolution  of  C'40  from  C'4  labelled  graphite.  This  behaviour  is  shown  by  other  hydrocarbons  as 
well  as  methane.  Fig.  10  from  unpublished  work  at  Culcheth  shows  that  the  inhlbitlve  effect  is 
roughly  proportional  to  the  size  of  the  hydrocarbon  molecule. 

It  is  naturally  of  interest  to  speculate  on  the  mechanism  by  which  methane  operates.  Two  possible 
reactions  are  indicated  by  the  following  equationsi- 


0  ♦  CH,  =  CHji  ♦  HjO  .  (6) 

CO  *  ♦  CH  =  COiCH,  ♦  H„0  .  (7) 

2  N  £  A 


A  useful  experimental  pointer  towards  the  mechanism  is  provided  by  Fig.  II  based  on  woik  in  Culcheth. 
In  this  graph  the  results  of  two  experiments  are  plotted  together.  In  one  experiment  a  graphite 
specimen  was  exposed  to  C02  in  pile  before  the  reactor  was  shut  down,  while  In  the  ether  experiment 
the  specimen  was  exposed  to  a  gas  containing  methane  before  the  reactor  was  shut  down.  After  *he 
shut-down  tho  reactor  was  then  re-started  with  the  specimens  exposed  to  pur#  C02.  The  specimen  which 
had  not  previously  been  exposed  to  methane  very  rapidly  indicated  a  C14  evolution  rate  characteristic 
of  the  uninhibited  reaction.  In  the  second  experiment  there  was  a  relatively  long  transition  period 
before  the  uninhibited  CCj  rate  was  attained.  The  result  implies  that  the  methane  bearing  atmosphere 
in  which  the  specimen  had  previously  been  running  had  in  some  way  conditioned  the  surface,  so  that  a 
chemisorbed  surface  layer  of  a  protective  nature  had  first  to  be  removed  before  the  specimen 
reacted  at  a  rate  corresponding  to  a  methane  free  gas.  The  Inhibitive  property  of  methsne  therefore 
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arises,  to  a  large  degree,  from  a  surface  process. 

SUMMARY  OF  GRAPHITE-CO2  REACTION  -  Examples  have  been  quoted  to  show  that  the  corrosion  of 
graphite  by  CO2  is  substantially  modified  when  the  process  takes  place  in  an  irradiation  field. 

These  modifications  appear  as  differences  in  the  effect  of  temperature,  pressure  and  inhibitors  on 
the  rate  of  reaction,  and  differences  in  the  effects  on  the  graphite  itself  in  relation  to  pore 
structure  and  mechanical  properties. 

CHEMICAL  REACTIVITY  OF  NEUTRON  -  DAMAGED  GRAPHITE 

THE  REACTIVITY  TO  AIR  of  solid  carbons  in  general  is  of  course  a  highly  variable  parameter. 
However,  for  a  closely  controlled  product  such  as  reactor  graphite,  with  tight  specifications  in 
particular  an  impurity  content,  and  with  a  standardised  test  procedure,  reproducible  measurements 
can  be  made,  A  typical  value  for  the  U.K.  reactor  graphite  PGA.  measured  at  450°C,  is  recorded  (13) 
as  24  x  10"°  h"'  with  an  activation  energy  of  ca.  40  K  eal/mol"'.  The  unit  used  for  reactivity  is 
a  convenient  practical  one  which  assumes  constant  surface  area  between  different  specimens.  For  this 
material  the  surface  area  is  about  0.26  m^g  '  so  that  the  figure  quoted  above  corresponds  to  a 
specific  reactivity  of  ca.  1,5  x  10^  atoms  cm"2sec**. 

When  graphite  is  irradiated  by  fast  (>  1  MeV)  neutrons,  atoms  are  displaced  from  their  lattice 

In  the  core  temperature  range  of  practical  interest,  to  the  Magnox  and  AGR  reactor  systems 
the  great  majority  of  these  displaced  atoms  will  return  to  vacant  lattice  positions.  A 
small  fraction  however  will  migrate  to  layer  plane  boundaries  or  remain  as  interstitials  (single  or 
compound)  leaving  some  lattice  vacancies.  These  interstitials  and  vacancies  will  correspond  to 
sites  of  higher  energy  than  atoms  in  their  stable  lattice  positions.  Energy  deriving  from  the  fast 
neutrons  is  thus  stored  in  the  lattice  -  the  "Wigner  energy".  Increase  of  graphite  temperature  will 
cause  some  of  the  interstitials  tn  migrate  through  the  lattice,  eventually  to  combine  with  vacancies 
and  to  release  stored  energy  in  the  process. 

We  should  expect  to  find  this  increased  stored  energy  therefore  to  be  associated  with  an  enhanced 
chemical  reactivity  in  so  far  as  we  expect  the  displaced  atoms  and  the  vacancy  sites  to  be  more 
reactive  than  atoms  in  their  stable  lattice  positions.  This  enhancement  should  increase  with  dose 
and  reduce  as  irradiation  temperature  is  increased. 

The  safety  of  operating  graphite-moderated  reactors  is  guaranteed  by  monitoring  the  core  for  this 
Increase  in  reactivity  as  well  as  (for  C02-  or  helium-cooled  reactors)  by  precautions  ,.0  avoid  the 
ingress  of  oxygen  to  the  hot  core.  Any  observed  reactivity  increases  may  clearly  have  several 
origins  in  the  practical  case  -  changes  in  pore  structure  have  already  been  discussed  above.  In 
order  to  obtain  a  better  understanding  of  such  monitoring  data,  experiments  have  been  done  (13)  to 
evaluate  specific  effects  due  to  neutron  irradiation. 

The  specimens  of  graphite  used  which  had  been  irradiated  in  nominally  pure  helium  to  doses  up  to 
20  x  10^0  nvt  (>  1  MeV)  in  a  Materials  Testing  Reactor  at  known  temperatures  b«+ween  225°C  and  450°C 
with  the  primary  purpose  of  determining  changes  in  dimensions  and  physical  properties.  Some  of  the 
specimens  were  subjected,  after  removal  of  possibly  contaminated  outer  layers  by  skimming,  to  a 
standard  oxygen  reactivity  test.  This  test  involved  oxidising  tne  specimens  to  about  1  per  cent 
weight  loss  by  exposure  to  air  in  a  furnace  at  450°C  +  5°C.  Results  are  shown  in  Fig.  12.  Because 
of  the  history  of  the  experiment  there  is  some  doubt  about  the  original  (unirradiated)  value  for 
these  partlcuisr  specimens  but  "standard"  values  for  unirradiated  material  of  similar  origin  are 
indicated  in  the  graph. 

The  results  show,  as  expected,  a  linear  dependence  of  reactivity  on  neutron  dose  under  these  con¬ 
ditions  and  a  reduction  in  magnitude  of  the  effect  as  the  irradiation  temperature  of  material  is 
increased.  These  effects,  which  closely  parallel  the  effects  of  irradiation  on  stored  energy  and 
thermal  conductivity,  and  are  almost  certainly  tn  be  ascribed  to  neutron-induced  displacements. 

CORROSION  OF  ZIRCONIUM  ALLOYS  IN  AQUEOUS  ENVIRONMENTS 

OlfT-OF-PILE  CORROSION  OF  ZIRCALOY-2  -  Results  for  the  out-of-plle  oxidation  of  Zlrcaloy-2  by 
water  or  steam  at  ca.  300°C  are  shown  in  Fig.  13  taken  from  Ref.  (14).  Zircaloy-2  is  the  zirconium- 
based  alloy  containing  1.5  per  cent  of  tin  which  has  been  developed  for  use  as  a  cladding  and 
pressure  tube  material  in  water  reactors  and  has  been  studied  by  workers  in  several  countries. 

Initially  the  weight  galn/time  curve  found  at  these  temperatures  Is  epproxiaately  cubic  rather  than 
of  the  parabolic  form  expected  on  clestlcal  mod-lt.  Nevertheless,  it  indlcetes  that  cx'detlon  of 
the  elloy  is  essentially  controlled  by  a  diffusion  process  through  the  oxide  scale.  Marker  experi¬ 
ments  have  shown  that  the  oxide  grows  apparently  entirely  at  the  metel/oxide  Interface  so  thet 
diffusion  must  be  by  movement  of  oxygen  rather  thon  of  rirconiwa.  At,  under  reducing  conditions,  the 
oxide  is  slight ly/oxygen  deficient,  the  corrosion  process  it  currently  explained  at  the  diffusion  of 
oxygen  vacancies  doeev  e  concentration  gradient  either  in  the  oxide  lattice,  or,  in  view  of  the 
discrepancies  between  diffusion  coefficients  calculated  from  corrosion  rates  and  some  recent  (15) 
measurements  by  "easy  paths",  for  example  at  crystallite  boundaries.  If  the  mobility  of  the 
vacancies  can  be  taken  as  substantially  constant  over  the  range  of  vacancy  concentrations,  the 
transport  through  any  given  scale  should  be  directly  dependent  «>n  *he  difference  tn  vacancy  con¬ 
centrations  across  the  scale.  These  will  be  related,  assuming  the  vacancies  to  be  doubly  charged  to 
the  local  partial  pressure  of  oxygen,  by  the  reactloni- 


positions. 
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□  -  2,  +  *02  0lattice  .  (8) 

It  follows  that 

CD]  «  (p~y  V6  .  (9) 

Hence,  the  difference  In  vacancy  concentration  across  the  scale  is  given  by 


where  (POj)^  1*  the  partial  pressure  of  oxygen  at  the  metal/scale  interface.  Since,  as  noted  above, 

(POj) j  «  (P°2^0  the  second  term  ln  this  expression  is  negligible  in  comparison  to  the  first,  and 

the  measured  corrosion  rate  should  be  independent  of  the  partial  pressure  of  oxygen  in  the  water. 

This  is  in  fact  the  experimental  result. 

IN-PILE  CORROSION  BEHAVIOUR  OF  ZI8CALOY-2  -  The  subject  has  recently  been  reviewed  (16)  in  con¬ 
siderable  detail  by  Cox.  The  ensuing  discussion  picks  out  only  the  main  features  of  the  argument. 

When  Zircaloy-2  is  corroded  by  steam  or  water  while  simultaneously  being  irradiated,  the  observed 
behaviour  is  quite  different  from  that  out-of-pile.  In  the  first  place  the  reported  corrosion  rate 
for  temperatures  up  to  400°C  is  in  general  considerably  faster  than  the  out-of-pile  rate  as  indicated, 
for  example,  by  Fig.  14. 

However,  as  Cox's  review  brings  out,  when  comparisons  are  made  between  results  from  different 
laboratories  there  are  wide  discrepancies  in  the  data.  Variations  in  sources  of  material,  in  surface 
condition  and  state  of  preoxidation  of  the  metal,  and  uncertainties  about  dose  rate  and  temperature 
no  doubt  contribute  to  these  discrepancies.  However,  when  due  allowance  is  made  for  these,  there 
remains  an  apparent  sensitivity  of  corrosion  rate  in  pile  to  oxidising  conditions,  whether  due  to 
molecular  oxygen  as  such  or  the  presence  of  oxidising  species  produced  by  the  radiation,  such  that, 
depending  on  the  flux  level,  temperature  and  environment,  rates  may  be  increased  by  a  factor 
approaching  two  orders  of  magnitude. 

A  quantitative  explanation  of  these  observations  is  not  yet  available  and  is  perhaps  not  to  be 
expected.  Ask*  from  the  fact  that  the  experimental  techniques  are  difficult  and  expensive,  so  that 
the  results  themselves  have  not  been  repeated  as  often  and  as  closely  as  might  be  wished,  the  models 
even  of  the  out-of-pile  process  which  have  been  suggested  over  the  last  twenty  years  or  so  still  only 
apply  to  relatively  simple  systems  (see,  for  example,  Stringer  (17)).  The  review  by  Cox,  quoted  above, 
considers,  and  rejects,  explanations  based  solely  on  phase  transformations  of  the  oxide,  enhanced 
dissolution  of  ZrO^,  radiation  damage  in  the  metal,  enhanced  electrical  conductivity,  oxide  film 
embrittlement  and  radiation  chemical  effects,  as  well  as  other  explanations  of  more  limited 
applicability  which  nave  been  proposed.  Most  of  these  require  little  further  discussion  here  since 
Cox's  arguments  will  receive  fairly  general  acceptance.  In  view  of  the  earlier  sections  of  this 
paper  it  is  worth  noting,  however,  that  explanations  based  entirely  on  radiation  chemical  effects  are 
rejected.  Such  effects  should  be  produced  by  y-rsdiation  alone  whereas  the  experimental  evidence  is 
that  y-radiation  produces  (18)  only  very  small  effects  and  then  only  in  the  thin  film  region,  More¬ 
over,  it  is  difficult  tv  visualise  changes  in  transport  rate  through  a  thick  scale  resulting  from 
an  increased  agressiveness  of  the  corroding  medium. 

Cox  notes  the  difficulties  involved  in  an exrlanat :  on  based  on  enhanced  diffusion  through  the  oxide 
film.  First,  the  rate  cf  production  of  defects  by  practical  irradiation  doses  does  not  serva  by 
itself  to  account  for  the  increased  oxidation  rate,  and  it  is  therefore  necessary  to  invoke  some 
permanent  damage  to  the  film,  derived  from  irradiation,  which  will  provide  an  easy  path  for  oxygen 
diffusion.  As  noted  above,  such  "easy  piths"  have  been  invoked,  also  for  the  unirradiated  case. 
Secondly,  irradiation  damage  to  the  oxide  film  does  net  provide  an  obvious  explanation  for  the 
sensitivity  to  oxygen  level  in  the  environment  which  appears  when  Zlrcaloy-2  is  irradiated.  Cox's 
method  of  dealing  with  this  second  difficulty  is  to  suggest  that  the  transport  rate  may  be  controlled, 
depending  on  circumstances,  either  by  ionic  transport  or  by  the  electronic  transport  in  the  other 
directions.  Thus,  even  if  irradiation  facilitates  ionic  transport,  this  will  not  increase  the 
transport  rat*  if  a  limit  is  set  by  electronic  transport  in  the  opposite  direction.  Hence,  no 
effect  will  be  observed  unless  the  environment  Ic  else  chanted.  If,  however,  this  ia  made-  more 
oxidising  then,  in  hit  view,  the  properties  c'  a  thin  barrier  at  the  oxlde/environment  Interface, 
which  he  take*  to  be  the  main  resistance  to  electron  flow,  may  be  so  modified  as  to  facilitate 
electron  transport  end  thus  to  remove  the  limit  on  overall  t ran, port. 

ANALOGY  3ETXTEN  IRRADIATE  ZTRCALOY-I  Aft)  UNIRRADIATffl  ZIRCONIUM  N:>IUM  -  ra^ell  and  Ty.-ack 
note  (20)  that  the  alloy  of  circonium  with  2.5 t  niobium  (Zr/Nb)  corrodes  out-of-plle  at  a  rate 
generally  faster  than  does  Zlrcaloy-2  but  is  distinctly  sensitive  to  the  oxygen  partial  treasure  of 
the  environment  and  that  this  rete  is  little,  if  any,  enhanced  (21)  by  irradiation.  Tine*,  therefor*, 
th*  effect  r'  irradiation  si  clreonium  it  In  a  tense  similar  to  that  of  alloying  with  niobium  in 
regard  to  corrosion  behaviour,  they  suggest  that  a  satisfactory  theory  of  the  latter  effect  may 
provide  a  useful  starting  point  for  understanding  the  effect  of  irradiation  on  Z!rcal>y-5, 

The  niobium  ion  on  sire  grounds  should  fit  Into  the  LrOj  little*.  Niobium.  how®v.-r,  '■an  *i*rt  a 
valency  of  5,  although  It  can  alto  have  valency  4.  *ith  valency  i,  charge  balance  can  b*  maintained 


I 
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by  oxygen  interstitials,  and  thus  can  therefore  be  an  equilibrium  between  Nb^, 
stitials  and  external  oxygen  atoms. 

2  NbIV  +  iC2  x— *  2  NbV  +  6  02' 


[6  (02*)]  =  K.P. 


[NbV]2 


Nb^,  oxygen  inter- 

.  (10) 

.  (11) 


and  [NbV]  =2  [6  (02‘)] 


(12) 


so  that  [A  02*]3  =  j  .  P  *  .  [NbIV]2 


The  next  step  is  to  relate  oxygen  transport  rate  to  interstitial  concentration. 
Campbell  and  Tyzack  note  that  for  hyperstoichiometric  uranium  oxide  (UO^  ^  to 

diffusion  coefficient  for  oxygen  experimentally  (21)  observed  is  some  orders  of 
depending  on  the  degree  of  non-stoichiometry,  than  in  the  stoichiometric  oxide. 


(13) 


In  this  connection 

U02.019)  th6 
magnitude  higher, 


The  data  are  scattered,  but  Compbell  has  observed  (22)  that,  very  approximately  the  oxygen  mobility 
increases  as  [h  02“]3  so  fhat  the  diffusion  coefficient  increases  approximately  a  [a 
Assuming,  for  want  of  better  information,  similar  behaviour  in  Zr-Nb,  then  in  this  case  the  oxygen 
flux 


"  =  D  dl  [6  02‘]  .  (14) 

=  K'  [6  02‘]2  Jj-  [6  02*]  .  (15) 

and,  since  n  is  constant  through  the  film 

nl  =  |  [6  02]3  -  [a  02]3  .  (16) 

Now  (P0  )i  «  (PQ  )q  hence,  by  Eq  (11),  [a  02"]1  «  [a  O‘‘]o 

so  that  nl  [a  02‘]3  .  (17) 

J  o 

which,  from  Eq  (13),  A  K"  .  PQ*  .  [NbIV]2  .  (18) 


V  IV  •  A  2 

If,  as  has  been  suggested,  [Nb  «  [Nb  then,  approximately  nl  =  K"  ,  PQ2  .  [Nb]  . 

The  results  of  recent  unpublisned  work  (23)  at  Culcheth,  in  Fig.  15,  give  some  confirmation  to  the 
predicted  dependence  on  PQf.  Other  recent  work  at  Culcheth  using  specimens  of  as-quenched  Zr-Nb  in 

order  to  obtain  uniform  dispeislon  of  Nb  through  the  oxide  film  also  show  an  approximate  dependence 
of  oxidation  rate  on  the  square  of  the  niobium  content. 


The  equilibrium  of  Eq  (10)  provides  a  mechanism  fox  the  scale  to  accept  oxygen  atoms,  as  inter¬ 
stitials,  from  an  oxidising  medium  at  an  Interface.  Given  an  oxygen  gradient  across  the  scale  it 
also  provides  a  mechanism  for  transferring  them  from  the  oxygen  source  to  an  oxygen  sink,  namely  th# 
metal  interface.  The  dependence  on  external  cxygen  level  seems  to  have  the  right  form,  although  a 
quantitative  theoretical  prediction  of  the  mobility  has  not  been  presented. 


For  the  ease  of  irradiated  Zircaioy-2  there  is  no  difficulty  in  postulating  the  presence  of  inter¬ 
stitials.  Even  without  irradiation  zlrconla  shows  (24)  p-type  semi -conducting  properties,  con¬ 
sistent  with  the  presence  of  interstitials,  at  1 200°C  and  th*  enalogy  between  irradiation  end  high 
temperature  effects  is  very  obvious.  It  therefore  seems  reasonable  to  ascribe  to  interstitials  tha 
enhanced  oxygen  nobility  resulting  from  irradiation. 

The  difficulty  reeaalnt  that  the  direct  effects  of  Interstitial  production  are  qucntitatively 
Inadequate  to  account  for  the  enhanced  transport  rate.  On  the  other  hand,  evidence  hes  been  quoted 
from  out-of-pile  work  which  indicates  that  a  smell  excess  of  oxygen  over  stoichiometric  requirements, 
and  presumably  therefore  present  in  Interstitial  form,  produces  surprisingly  large  increase  In  oxygen 
mobility.  A  better  account  of  this  effect  in  unirradiated  materials  seems  required  before  the 
effects  of  Irradiation  can  be  completely  understood.  However,  if  it  can  be  granted  that  irradiation 
damage  in  zirconium  oxide  can  Interact  with  the  external  oxygen  pressure  so  as  to  give  a  relatively 
small  continuing  population  of  interstlttals,  the  observed  effects  on  corrosion  rate  of  .ltrcsloy-2 
should  follow. 


« 
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Fig.2{b)  Effect  of  pressure  or.  the  rai -ation- isSucsr  --.action  of  CC2  with  ‘‘C-uraphite 
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Fig. 3  Effect  of  Open  pore  volume  on  reaction  rate 
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Fig.4iaj  Oxidation  rate  as  a  function  of  total  accessible  pore  volume 
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Fig. d(b)  Oxidation  rate  as  a  function  of  the  operative  OPV 
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Fig. 6  Comparison  of  experimental  and  calculated  pore  size  distribution 
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Fig. 12  Oxidation  rate  after  skimming  as  a  function  of  dose 
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Weight  gain  as  a  function  of  time  for  Zircaloy-2  and  Zircaloy-4  exposed 
to  high  temperature  water  and  steam 
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INTEGRATED  EXPOSURE nvt  x  I0"M) 

Fig.  14  The  results  from  Fig.  lib,  obtained  in  pIIlO  LiOH  in  the  G-7  loop  in  ETR, 
plotted  as  a  function  of  fast  neutron  dose  (after  Irvin  [1966]) 
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SUMMASf 

Because  of  the  fact  that  all  reactions  between  a  solid  and  a  gas  are  *  tia- 
ted  by  a  chemisorption,  in  the  first  ohapter  of  this  paper  the  mechanism 
of  the  chemisorption  is  contributed  under  the  viewpoint  of  the  first  step  of 
metal  oxidation  and  the  ore  reduction.  The  chemisorption,  however,  is  mainly 
influenced  by  the  presence  of  lattice  defects  and  traps  in  and  near  the  Burface. 
Since  often  the  _ass  transport  through  the  solid  due  to  a  diffusion  gradient 
and/or  an  electric  field  is  the  rate-determining  step,  the  various  transport 
phenomena  are  discussed.  The  utility  of  the  understanding  of  these  theoreti¬ 
cal  relations  is  demonstrated,  especially,  by  means  of  the  oxidation  of 
niokel  and  of  desorption  and  evaporation  processes  in  the  dark  and  under 
illumination.  As  examples  zinc  oxide  and  cadmium  sulfide  have  been  chosen. 
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LCf-TEMPERATURE  REACTIONS  IETWEEN  SOLIDS  AND  GASES 
marl  Hauffe 

Inatitut  fllr  physikaiisehe  Chemie  der  Universitat  Gdttingen,  Germany 

1.  INTRODUCTION 

Every  chemical  reaction  between  a  solid  and  a  gas  (for  example  between 
a  metal  or  an  oxide  or  a  sulfide  and  for  instance  oxygen,  gaseous  sulfur  or 
hydrogen)  is  initiated  by  chemisorption  of  the  corresponding  gas.  Chemisorp¬ 
tion  is  often  accompanied  by  a  dissociation  if  molecules  are  the  reacting 
species.  Generally,  at  high  temperatures  the  chemisorption  of  the  gas  is  fast 
enough  so  that  other  steps  can  become  rate-determining.  At  low  temperature, 
however,  chemisorption  can  also  become  the  slowest  step.  The  fact  that  a  slow 
chemisorption  does  indeed  take  place  can  be  expected  if  an  electric  field 
transport  or  a  steep  concentration  gradient  of  lattice  defects  cause  a  fast  ‘ 
movement  of  the  corresponding  ions  towards  the  reaction  front. 

Since  chemisorption  is  the  initial  step  both  in  the  oxidation  of  a  me¬ 
tal  and  the  reduction  of  an  ore,  the  mechanism  of  chemisorption  will  be  dealt 
with  in  the  first  chapter  under  consideration  of  the  presence  of  lattice  de¬ 
fects,  eleotrons  and  holes  as  well  as  trapB  in  and  near  the  surface  of  a 
solid.  In  view  of  th9  fact  that  both  in  the  oxidation  of  a  metal  and  the  re¬ 
duction  of  an  ore,  one  of  the  reacting  solids  is  a  semiconductor,  it  seems 
reasonable  to  discuss  the  chemisorption  of  various  gaoes  on  a  semiconductor 
surface.  Subsequently,  the  various  transport  phenomena  are  desoribed  beoause 
the  mass  transport  through  the  solid  due  to  a  concentration  gradient  and/or 
an  eleotrio  field  is  often  the  rate-determining  step.  With  regard  to  the 
topio  under  consideration,  the  oxidation  of  nickel  is  one  of  the  most  in¬ 
structive  examples  for  the  demonstration  of  the  different  rate  laws  obtained 
under  various  experimental  conditions. 

Another  very  interesting  problem  is  the  elucidation  of  the  mechanism 
of  desorption  as  the  initiating  step  in  ore  reduction  and  in  the  evaporation 
of  photoconducting  solids  under  strong  irradiation  in  high  vacuo.  The  experi- 
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mental  conditions  for  evaporation  processes  should  be  realized,  for  instance, 
on  the  surface  of  the  moon  where  a  strong  irradiation  and  a  sufficiently 
high  vacuum  are  available.  Since  ultraviolet  light  enhances  evaporation, 
especially,  of  non-metals  (for  example  oxygen  and  sulfur)  of  photoconducting 
solids  much  more  than  the  evaporation  of  the  corresponding  species  of  non- 
photooonducting  solid  compounds,  it  should  be  expected  that  the  surfaoe  of 
the  moon  should  be  free  from  photoconducting  solidB,  such  as  ZnO,  CdS,  FbS, 
PbSe,  TiOg  and  CugO.  To  what  extent  metals  with  very  low  vapor  pressure  in 
the  temperature  range  between  100  and  200°C,  for  instanoe  titanium  and  copper, 
are  present  on  the  moon's  surfaoe  is  an  open  question. 

2.  CHEMISORPTION  ON  SEMICONDUCTING  SOLIDS 

As  mentioned  above,  ohemisorption  is  not  only  tne  decisive  initiating 
step  in  metal  oxidation  and  ore  reduction  but  also  in  heterogeneous  oataly- 
sis.  Therefore,  it  seems  appropriate  to  discuss  first  of  all  Borne  of  the  ac¬ 
tual  problems  in  ohemisorption.  Under  the  topic  of  the  oxidation  of  nickel 
in  the  next  chapter,  we  shall  discuss  the  chemisorption  and  the  reaction  of 
oxygen  with  nickel  oxide.  As  is  well  known,  nickel  oxide  is  a  p-type  semioon* 
ductor  with  a  more  or  less  equivalent  concentration  of  nickel-ion  vacancies 
|NU"  or  |Ni]  ’  and  electron  holes  |e|*  .  The  amount  of  these  concentrations 
is  a  function  of  the  temperature  and  the  oxygen  pressure.  At  high  tempera¬ 
tures,  if  the  ion  mobility  is  large  enough,  the  following  equilibrium 

Og(gas)  2  HiO  +  2  INi}”  +  4  ie»*  (1) 

is  established  throughout  the  entire  crystal  as  can  be  demonstrated  by  con¬ 
ductivity  measurements  [1].  According  to  Eq.  (1),  oxygen  1b  incorporated 
into  the  NiO  lattice  under  generation  of  nickel-ion  vacancies  and  holes.  Eq. 
(1),  however,  represents  the  overall-reaction  which  can  be  separated  into 
the  following  steps: 

Og(gas)  w*  Og(ada)  +  let  *  (2a) 

whereby  the  first  step  represents  the  chemisorption  characterised  by  ohemi- 
sorbed  oxygen  moleoules  with  a  trapped  eieotron.  The  following  surfaoe  reao- 
tion  steps  can  ocour  the  faster  the  higher  the  temperature: 

Og(ads)  -  NiO  ♦  INi)"  ♦  0“(ade)  +  2  ie|*  (2b) 

and 


0“(ade) 


NIO  4-  |Mij"  ♦  let 


(20) 
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With  decreasing  temperatures,  however,  the  steps  (2b)  and  (2e)  become 
smaller  and  smaller  so  that  the  pure  chemisorption  step  (2a)  becomes  more 
and  more  important.  According  to  Eq.  (2a),  the  ohemisorption  of  oxygen  cau¬ 
ses  a  negative  surface  charge  which  is  compensated  by  a  positive  Bpace-charge 
layer  with  an  enrichment  of  holes  and  an  exhaustion  of  nickel-ion  vaoanoies 

[2] .  This  mechanism  is  responsible  for  the  appearance  of  a  strong  electric 

-4  -3 

field  through  this  spaoe-charge  layer  with  a  width  between  10  and  10  '  cm 
depending  on  the  temperature  and  the  oxygen  pressure.  As  will  be  discussed 
later,  under  special  experimental  conditions  this  strong  electric  field 
should  be  xeaponsible  for  the  rather  fast  occuring  surface  reaction  steps 
(2b)  and  (2o)  which  are  accompanied  by  an  ion  movement. 

According  to  equilibrium  (2a),  the  chemisorption  of  oxygen  should  be¬ 
come  smaller  with  increasing  concentration  of  holes  |sl*  ,  a  state  which  can 
be  realized  by  incorporation  of  lithium  ions  into  the  nickel-oxide  lattice, 
according  to 


2  02(gas)  + 

li20 

-  2  LilHiT  +  2  |e| *  +  2  HiO 

(3a) 

and  the  corresponding  equation 

li20  + 

|Ni|" 

-  2  III  |  Hl|  *  +  N10  . 

(3b) 

As  can  be  seen  from  the  Eq.s  (3a)  and  (3b),  the  concentration  of  holes  will 
be  increased  and  the  concentration  of  nickel-ion  vaoanoies  deoreased.  If  one 
considers  that  the  nickel-ion  transport  is  a  direct  function  of  the  concen¬ 
tration  of  the  nickel-ion  vacancies  and  that  the  chemisorption  of  oxygen  will 
be  strongly  deoreased  with  increasing  hole  concentration,  it  oan  be  expected 
that  no  noticeable  occurence  of  oxygen  up-take,  according  to  Sqs.  (1)  and  (2), 
should  be  deteoted. 

Rather  embarrassing  results  havs  been  reported  on  the  chemisorption  and 
desorption  of  oxygen  on  illuminated  sino-oxlde  surfaces.  Several  authors  [3] 
[4} [5] [7]  have  stated  that  a  vacuum  treated  and,  therefore,  reduoed  sino-oxide 
powder  exhibits  oxygen  desorption  under  illumination  with  light  of  370  a p 
neoeesary  for  the  production  of  electron-hole  pairs.  On  the  other  hand,  that 
mlno-oxide  powder  annealed  at  high  temperatures  in  high  oxygen  pressure  ex¬ 
hibits  an  oxygon  ohemisorption  during  illumination  between  20  and  200°0. 

The  experimental  proeedure,  however,  is  not  free  of  error  oonoerning  the  ohe- 
aloal  compoaitj jn  of  the  surface  region  of  the  ZnO  sample.  Therefore,  the 
interpretation  of  the  experimental  results  is  not  very  oonvinolng.  Since  this 
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phenomenon  might  be  of  general  interest,  it  is  discussed  in  what  follows. 

As  is  well  known,  zino  oxide  is  an  n-type  semiconductor  with  a  more  or 
less  amount  either  of  zinc  metal  in  excess  or  of  oxygen  deficiency.  This  lat- 
tioe-defect  mechanism  can  be  schematically  represented  by  the  following  equa¬ 
tions  under  equilibrium  conditions  established  at  high  temperatures: 

ZnO  w*  Zn”  +  2  e*  +  j  (4) 

or 

Null  101”  +  2  e'  +  \  02(gas)  (5) 

with  the  additional  equilibrium 

Zn"  +  e»  Zn*  (6) 

or 

101**  +  e*  w*  101*  (7) 

shifted  at  low  temperatures  largely  to  the  right  hand  side.  Here,  e’  denotes 
a  free  electron  and  Zn*  and  101  *  indicate  zinc  ions  in  interstitial  positions 
and  oxygen-ion  vacancies,  respectively.  The  one  and  two  dotB  denote  the  single 
and  double  positive  exoess  charge. 

For  further  discussion,  we  prefer  the  lattice-defect  mechanism  represen¬ 
ted  by  the  Eqs.  (4)  and  (6).  It  should  be  mentioned  that  the  equilibrium  (4) 
is  shifted  to  the  left  hand  side  with  increasing  oxygen  pressure  and  to  the 
right  hand  side  with  increasing  temperature  at  constant  oxygen  pressure  and 
also  under  vacuum.  At  lower  temperatures,  the  chemisorption  can  be  described 
according  to 

Oj(gat)  ♦  s'  w*  02(ads)  (B) 

followed  by  the  two  aurf ace-reaction  steps: 

02(ads)  +  Zn*  +  s’  ■  ZnO  «-  0~(ade)  (9) 

and 

0~(ads)  4  Zn’  ■  ZnO  •  (10) 

0 

Now,  let  us  discuss  the  possible  presupjjsitions  for  chemisorption  and 
desorption  of  oxygen  on  dark  and  illuminated  slno-oxide  surfaces.  According 
to  Sq.  (8),  the  extent  of  ohemisorption  of  oxygen  on  ZnO  in  the  dark  will  be 
larger  the  higher  the  oonoentratlon  of  free  electrons.  Therefore,  we  may  as¬ 
sume  that  the  chemisorption  of  oxygen  Is  large  on  ZnO  samples  annealed  at 
high  temperatures  in  vacuum  because  of  the  significant  generation  of  free 
electrons.  In  contrast,  chemisorption  should  be  expeoted  to  Is  very  low  on 
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ZnO  p ample s  annealed  at  high  temperatures  under  high  oxygen  pressure  since 
the  equilibrium  (4)  is  shifted  far  to  the  left  hand  side.  Therefore,  only  a 
small  oonoentration  of  free  eleotrons  is  available  for  chemisorption. 

In  view  of  these  facts,  we  may  conclude  that  a  ZnO  specimen  annealed  in 
vaouo  develops  a  large  chemisorption  oapaoity  for  oxygen  in  the  dark  even  at 
room  temperature.  Since  this  chemisorbed  oxygen,  however,  is  only  loosely 
bonded,  it  is  not  astonishing  that  during  illumination  a  significant  desorp¬ 
tion  could  be  detected.  In  the  other  case,  however,  an  oxidized  ZnO  sample 
with  a  small  amount  of  chemisorbed  oxygen  can  exhibit  photoadsorption.  Only 
the  steady-state  concentration  of  chemisorbed  oxygen  particles  present  on  the 
surfaoe  before  the  illumination  determines  whether  a  photodesorption  or  a 
photoadsorption  does  occur  in  order  to  approach  a  new  steady  state.  At  cover¬ 
ages  exceeding  a  special  concentration  of  adsorbed  charged  oxygen  species, 
neutral  oxygen  moleoules  oan  also  be  adsorbed.  This  could  be  demonstrated 
by  ESfi  measurements  [7]. 

As  discussed  elsewhere,  during  illumination  electron-hole  pairs  e'~ie|* 
are  produced  which  are  very  reactive  to  the  particles  on  the  surfaoe,  for  in- 


etanoe  oxygen,  and  to  lattice 

defects  in  the 

bulk  according  to 

the  equations: 

e'~  lei* 

+ 

OgCads)  — ► 

Offgas)  +  e’ 

(11) 

causing  a  photodesorption 

and 

e*-*|e|* 

+ 

OgCads)  — m 

OgCade)  +  |s|* 

(12) 

with  the  hole  trapping 

l*f 

4 

Sn*  — »  Zn 

•  • 

(12m) 

oausing  a  photoadsorption.  These  two  possibilities  oan  be  demonstrated  by 
photoconductivity  measurements  at  various  oxygen  pressures  under  illumination, 
represented  in  Pig.  1.  As  can  be  seen,  the  steady-state  oonduotlvity  of  slno 
oxide  under  illumination  with  light  of  3(5  mp  is  independent  of  the  ohronolo- 
gloal  sequence  of  the  admission  of  oxygen.  In  any  ease,  the  same  oonduotlvity 
will  be  reaohed  independent  whether  oxygen  of  20  torr  is  alreiu*.  present  at 
the  very  beginning  of  the  illumination  or  is  added  later  during  exposure  to 
light  [6].  This  experiment  confirmed  by  CTAV  [7]  demonstrates  the  possiolllty 
of  a  photoadsorption  if  the  oxygen  pressure  is  increased  during  illumination. 

la  view  of  this  point,  it  is  evident  that  a  strong  photodesorption  occur¬ 
red  when  the  reduosd  slno  oxide  was  in  oontaot  with  oxygen  before  illumination 
because  of  the  large  amount  of  loosely  chemisorbed  oxygen  due  to  the  large 
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concentration  of  free  electrons  near  the  surface  of  the  zlno  oxide.  In  con¬ 
trast  to  these  results,  a  phot cads orptl on  Is  possible  on  ZnO  samples  annealed 
between  500  and  600°C  at  high  oxygen  pressures  because  of  a  lack  of  a  suffi¬ 
cient  number  of  free  electrons  which  are  now  only  available  during  illumina¬ 
tion.  Since  a  weak  doping  with  lithium  oxide  strongly  decreases  the  concen¬ 
tration  of  free  electrons,  according  to 

li20  +  e'  =  2  Li|Zn|*  +  Zn*  +  ZnO  ,  (13) 

such  a  doping  should,  therefore,  cause  an  extensive  photoadsorption  cf  oxygen, 
theoretically  predicted  by  us  [8].  This  could  be  confirmed  by  measurements  of 
the  surfaoe  potential  difference  in  the  dark  and  under  illumination  [9].  While 
on  pure  ZnO  single  crystals,  the  surface  photovoltage  always  exhibits  a  posi¬ 
tive  value,  the  lithium  doped  crystals  exhibited  at  the  vory  beginning  of 
illumination  a  strong  negative  voltage  which,  however,  changes  over  to  a  uo- 
sitive  value  after  few  minutes.  The  oourse  of  the  surface  photovoltage  for 
pur*:  and  lithium-doped  zinc  oxide  is  represented  in  Pig.  2.  The  mechanism  1b 
at  present  not  yet  understood. 

The  chemisorption  of  carbon  monoxide  and  hydrogen  was  extensively  in¬ 
vestigated  on  niokel  oxide  and  zinc  oxide  in  the  dark  and  under  illumination 
[10]  [ll]  [12]  using  the  concept  of  the  space-charge  theory  [l3j. 

3.  TRANSPORT  PHENOMENA  THROUGH  SOLID  REACTION  PRODUCTS  DEMONSTRATED  BY  MEANS 
OP  NICEEL  OXIDATION 

The  oxidation  of  a  metal  is  an  important  example  of  a  reaction  between  a 
solid  and  a  gas  with  surface  interactions  and  transport  phenomena  through  the  # 

oxide  layer.  This  shall  be  discussed  in  greatmw  detai1  in  what  follows.  The 
firet  period  of  oxidation  is  usually  determined  by  nuoleation  processes  and 
crystal  growth  as  well  as  by  formation  of  porss.  Therefore,  a  uniform  and  oom- 
paot  oxide  layer  eannot  often  be  expeoted  at  the  very  beginning  of  oxidation. 

As  was  disouaeed  elsewhere  [H]  fl 5]  [l6],  at  sufficiently  high  tempera¬ 
tures  oxidation  generally  ooours  in  acoordanoe  with  a  parabolic  rate  law  be¬ 
cause  a  diffusion  prooese  through  the  oxide  layer  is  the  rate-determining 
step.  If  a  phase-boundary  reaction  becomes  rate-determining  then  another  - 
mainly  a  linear  -  rate  law  is  observed.  At  low  temperstures,  other  time  laws 
have  been  found  besides  the  parabolic  and  linear  rate  laws.  Here,  preferenti¬ 
ally  cubic,  fourth  power,  logarithmic  and  reciprocal-logarithmic  rate  laws 
have  been  established.  The  last  mentioned  rate  laws  are  observed  for  thin 
oxide  layers  in  which  a  strong  electric  field  causes  the  transport  of  ions. 
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Fundamental  considerations  have  been  published  by  MOTT  and  CABRERA  [17] . 
On  the  basis  of  this  paper,  several  authors  have  modified  and  improved  the 
theoretical  models  [13]  [l  9] [20] .  An  understanding  of  the  logarithmic  rate  law 
is  at  present  unsatisfactory.  The  most  reasonable  discussion  is  that  by 
EVANS  [21] . 

According  to  the  oxidation  experiments  with  nickel  available  in  the  lite¬ 
rature  [18] [22] ,  the  oxide-layer  growth  follows  a  logarithmic  rate  law  at  the 
very  beginning  of  oxidation.  The  period  of  this  rate  law  becomes  smaller  with 
increasing  temperature.  At  400°C,  this  period  lasted  about  6  hours  up  to  an 
oxide  thickness  of  400  1  while  at  500°C,  the  period  was  only  1  hour  with  a 
corresponding  thickness  of  the  oxide  layer  of  about  1000  1.  After  the  loga¬ 
rithmic  period  of  oxidation,  the  experimental  data  obtained  at  longer  exposure 
time  both  at  400  and  500°C  fit  very  well  the  fourth  power  rate  law  as  can  be 
seen  in  Fig.  3.  This  rate  law  oould  be  derived  under  the  reasonable  assumption 
of  established  equilibria  at  both  interfaces  and  under  the  presupposition  of 
a  rate-determining  field  transport  of  nickel  ions  through  the  NiO  layer  via 
nickel-ion  vacancies.  Therefore,  with 

I D HI  *  Is -SI  <,4> 

where  I)  and  u  denote  the  diffusion  ooefficient  and  the  mobility  of  the  nickel 
ions  via  vacancies,  respectively,  and  c  the  concentration  of  the  vaoanoles, 
we  obtain  the  transport  equation 

J(x)  »  -  o  u  ||  (15) 

Here,  J(x)  is  the  mass  flux  in  g-atoms*cm"  *aau  and  dV/dx  the  gradient  of 
the  eleotrioal  potential  with  x  as  looal  coordinate.  Applying  the  F0IS30V 
equation 

d2V/dx2  ■  -  c  e  -i/d  (16) 


with  C  as  dielectric  oonatant  and  e  as  elementary  charge,  the  fourth  power 
rate  law  was  obtained 


with 

k  .  2-UUd  (ie) 

2  s  .  cKi 


Here,  denotes  the  volume  concentration  of  the  nickel  lens  in  the  oxide 
and  s  the  valenoy  of  the  migrating  ion. 


The  measureaenta  of  the  rate  of  nickel  oxidation  between  400  and  500°C  at 
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higher  oxygen  pressures  performed  by  ENGELL  et  al  [18]  were  evaluated  with  the 
cubic  rate  law.  Since  the  plot  of  the  logarithmic  values  of  the  thickness  of 
the  oxide  x  versus  the  time  t  results  in  x-j  -a  t1^*®,  the  oubic 

rate  law  can  no  longer  be  maintained.  Independent  of  this  result,  however,  a 
cubic  rate  law  was  recently  derived  by  VAGNER  [23]  under  reasonable  assumptions 
stimulated  by  oxygen  isotope  exchange  experiments  carried  out  by  BORESXOV  [24] 
on  oxidized  nickel  foils.  A  plausible  mechanism  for  the  cubic  rate  law  will  be 
obtained  if  it  is  assumed  that  the  rate  of  dissociation  of  oxygen  molecules 
both  for  the  exchange  and  for  the  nickel  oxidation  becomes  rate-determining. 
Furthermore,  the  rate  of  both  processes  is  inversely  proportional  to  the 
thickness  of  the  NiO  film.  According  to  Fig.  4,  the  slope  of  a  plot  of  log 
(a  the  rate  of  the  oxygen  exchange  in  aole/cm'~8ec)  and  of  log  dx/dt  (=  the 
rate  of  niokel  oxidation  in  mole/cm  sec)  versus  log  N  («  the  number  of  mono- 
layers  of  consumed  oxygen)  is  about  -2.  Thus,  the  following  relation  which  was 
theoretically  derived  by  VAGNER  [23]  results: 


or 


log(dx/dt)  »  -  2  log  N  +  constant  (19) 


dx/dt  ■  k/x^ 


(20) 


if  one  considers  that  N  is  proportional  to  the  oxide-layer  thickness  x.  Upon 
integration  of  Eq.  (20)  with  x  -  0  at  t  »  0,  it  results  in 


x  ** 


t1/5 


(21) 


This  result,  however,  becomes  understandable  only  if  it  is  assumed  that  the 
rate  of  diaeooiation  of  the  adsorbing  oxygen  moleoulee  is  proportional  to  the 
local  concentration  of  free  electrons  present  in  thin  NiO  films  in  contact 
with  metallic  niokel,  an  assumption  whloh  is  not  yet  verified  for  the  p-type 
niokel  oxide.  Slnoe  the  concentration  of  free  electrons  decreases  with  increa¬ 
sing  distance  from  the  Ni/NiO  interfaoe,  the  rate  of  oxidation  decreases  sim¬ 
ultaneously.  A  rate-determining  dissociation  of  oxygen  molecules  on  NiO  and 
OujO  films  was  also  disoussed  by  8T0TZ  [25] .  This  asohanism,  however,  is  no 
longer  applicable  when  a  critical  thickness  of  the  110  layer  has  been  attained 
where  the  hole  concentration  and  the  nickel  ion-vacancy  concentration  are  now 
the  predominant  lattice-defect  concentrations. 


4.  DESORPTION  AND  EVAPORATION  0?  SOLIDS  BY  ILLUMINATION  IN  HIGH  VACUO 

Desorption  and  evaporation  often  ooour  by  the  same  mechanism.  Generally, 
these  processes  are  enhanced  by  increasing  temperatures,  high  vacuum  and 
strong  illumination  with  light  of  sufficient  energy  if  the  solid  is  a  photo- 
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conductor.  Under  the  concept  of  this  paper,  photodesorption  and  photoevapora¬ 
tion  shall  be  discussed  for  ZnO  6 Ad  CdS  as  typical  examples  of  photoconduotors. 
It  could  be  demonstrated  by  severe,  authors  [26]  [27]  [28]  that  the  deorease  and 
Increase  of  photoourrent  is  closely  related  wit.,  photoadeorption  and  photode¬ 
sorption  of  oxygen  on  zinc  oxide.  Besides  the  photoourrent,  the  time  funotion 
of  the  pressure  also  decreases  or  increases  and  the  investigation  of  the  ESR 
speotra  represent  useful  methods  for  the  study  cf  these  phenomena. 

A  photodesorption  of  oxygen  could  be  studied  under  evacuation  of  ZnO  at 
IQ'5  torr  at  room  temperature  and  under  illumination  with  light  of  370  m^t  .  It 
has  been  found  that  due  to  irradiation  the  desorption  was  indioated  by  the  de¬ 
orease  of  the  g  »  2,0  triplet  signal  indicating  o£  species  adsorbed  on  ZnO  and 
by  the  increase  of  the  g  *  1,96  signal  of  the  ESfi  measurements  indicating  free 
electrons  and/or  electrons  in  a  donor  level  and,  furthermore,  by  the  simultan¬ 
eous  increase  cf  the  current  [7]  [31].  These  results  were  confirmed  by  measure¬ 
ments  of  the  surface  photovoltage  [9],  of  the  field  effeot  [29]  and  of  the  con¬ 
ductivity  of  ZnO  single  crystals  [30].  Both  an  illumination  with  light  of  370 
mfi  and  a  y  -irradiation  of  zinc  ox'.de  cause  a  desorption,  especially,  of  oxy¬ 
gen  weakly  adsorbed  at  higher  coverages  [32] . 

The  rate  of  evaporation  of  ZnO  powder  in  a  high  vacuum  of  10~^  tc.r  be¬ 
tween  450  and  525°C  was  Independent  of  the  absolute  amount  of  ZnJ  and  <te  spe¬ 
cific  surface  but  only  dependent  on  the  geovr+rical  area  like  a  vaporizing 
liquid.  From  the  temperature  dependence  of  the  rate  of  evaporation,  represented 
in  Fig.  5,  the  aotivation  energy  was  determined  and  found  to  be  30,2  kcal/mole 
[33]  in  agreement  with  the  activation  energy  boih  of  the  reduction  of  ZnO  with 
hydrogen  [34]  and  of  the  evaporation  of  zinc  metil  [35] .  The  volatility  was 
enhanoed  by  the  presence  of  water  vapor. 

The  evaporation  of  oadmium  sulfide  with  various  deviations  from  the  eto- 
ohlometrlo  composition  between  680  and  740°C  in  the  dark  and  under  illumina¬ 
tion  is  also  worth  mentioning.  According  to  SOMOKJAI  [36]  [37] ,  it  was  found 
that  a  sulfur-doped  CdS  crystal  with  a  resistivity  at  room  temperature  of 
about  101&  ohm*om  showed  in  high  vacuo  of  about  10~*  torr  at  696°C  an  evapora¬ 
tion  rate  In  light  which  w;«a  five  times  larger  than  that  in  the  dark.  Fig.  6 
represents  some  evaporation  measure me  its.  Studies  of  the  wave-length  dependence 
of  the  evaporation  under  Illumination  required  that  a  li^ht  of  -  640  m ^  was 
necessary,  in  agreement  with  the  band  gap  of  CdS  at  700 °C.  Furthermore,  It  was 
observed  that  the  rate  of  evaporation  increased  linearly  with  the  light  Inten¬ 
sity.  The  quantum  efficiency  of  the  light  effect  was  approximately  >0,7 
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atom/photon  in  all  experiments. 

The  results  can  be  explained  by  a  oharge-transfer  controlled  evaporation 
and  by  the  light-induoed  change  in  the  composition  of  the  CdS  crystals.  Noti¬ 
ceable  is  the  fact  that  the  rate  of  evaporation  of  a  cadmium-doped  CdS  crystal 

-R  -2  - 1 

started  with  a  low  value  of  0,9*10  *  g  cm  sec  and  reaohed  after  6  hours  the 
-4  -2  -1 

speed  of  1*10  g  cm  sec  ,  approximately  equal  to  the  rate  of  evaporation  of 
a  eulfur-doped  CdS  oryetal  under  illumination  *ith  a  light  intensity  of  2 • 1 0^ 
fiwatts/om  .  The  vacuum  evaporation  rate  of  pure  cadmium  sulfide  is  decreased 
by  50i  if  oopper  ions  have  been  Incorporated  in  the  vaporizing  surface.  If 
oopper  ione  are  present  in  the  bulk  of  the  CdS  crystal,  the  rate  of  vacuum 
evaporation  ie  increased.  With  the  incorporation  of  oopper  ions  into  the  CdS 
lattice,  according  to 

Cu2S  +  e*  »  2  Ou|Cd]'  +  |S|*  +  2  CdS  ,  (22) 

the  concentration  of  free  electrons  e*  is  deer eased  and  the  concentration  of 
sulfur-ion  vacancies  |S|*  is  increased.  The  yellow  cadmium  sulfide  with  the 
band  gap  of  2,4  ev  at  room  temperature  bewomes  black  as  a  result  of  the  oopper 
aooeptor  oenters  with  the  eleotron  exchange  level  between  0,6  and  1,0  ev  above 
the  valenoe-band  edge  [38] [39] .  Furthermore,  we  have  to  oonsider  that  the  rate 
of  diffusion  of  sulfur  vaoanoles  is  much  larger  than  that  of  copper  ione  in 
CdS  (D70q(S)  »  6,5*1C"6  and  I>700(Cu)  ■  1,6*10"7  cm2 /see)  and  that  the  rate 

of  copper  diffusion  in  CdS  and  the  ruts  of  evaporation  of  CIS  are  of  the  same 
order  of  magnitude. 

Similarly  to  the  light-induoed  desorption  of  oxygen  from  ZnO,  we  propose 
tentatively  the  following  aeohanlam  for  the  evaporttion  of  eadmium  sulfide 
under  illumination.  If  it  la  assumed  that  the  surfaoe  equilibrium  is  estabished 


CdS  e*  3” (ads)  ♦  Cd+(adc)  (23) 

the  eleotron-hole  pairs  generated  by  light 

h»*  i*£gSH»  e'-iei*  (24) 

700°C 

can  oause  the  following  sequence  of  reaction  steps  resulting  in  a  simultaneous 
evaporation  of  cadmium  and  sulfur t 

e'*w|ai*  ♦  8~(ads)  — ♦  3  “(ads)  ♦  e*  (25) 

2  S^tada)  — *■  S2(gaa)  (26) 

e*  ♦  Cd*(ads)  — ♦  Cd(gas)  (27) 


Further  experlmente  are  necessary  in  order  to  get  more  detailed  information 
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Pig.  3  Time  dependence  of  nickel  oxidation  in  the  thin  oxide  layer  region  at 
400°C  and  various  oxygen  preaeuree  obeys  the  fourth  power  rate  law, 
according  to  HAUFFE  et  al. 

+  400,  A  60,  ©  50  torr  oxygen; 

*  at  475°C  and  76  torr  oxygen  (experimental  data  from  GULBRANSEN) 


log  N 

Fig.  4  The  dependence  of  the  rate  nQ(e)  of  the  oxygen  exohange  on  110  and 

t’Sjji  rate  n^(o)  of  nickel  oxidation  at  250°C  on  the  numbers  II  of  mono¬ 
layers  of  consumed  oxygen,  according  to  BQ&KSKOV. 
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SUMMARY 


Based  upon  the  classic  work  of  Frank  Kamenetskii,  a  physical  model  of  the 
heterogeneous  ignition  process  of  metals  was  developed.  This  model  is  compared 
with  other  theories  of  metal  ignition  concerned  with  bulk  samples,  quiescent  piles, 
single  particles  and  dust  dispersions.  The  new  model  is  based  upon  the  concept  of 
a  transition  temperature  -  the  temperature  at  which  the  oxide  layer  on  the  metal 
becomes  non-protective  in  the  sense  that  a  reaction  rcte  independent  of  time  de¬ 
scribes  the  behaviour  of  the  system  at  constant  temperature.  The  model  postulates 
that  the  ignition  temperature  must  he  greater  than  both  the  transition  and  the 
critical  temperatures.  It  further  relates  pyrophoricity  to  the  concept  of  a  tran¬ 
sition  temperature. 

The  transition  temperature  thought  to  be  a  unique  value  characteristic  to  the 
metal,  such  as  the  oxide  melting  point,  has  been  shown  by  Kuehl  to  be  pressure 
dependent  in  the  case  of  aluminum.  Kuehl' s  work  and  the  recent  supporting  evidence 
of  Laurendeau  on  zinc  are  reviewed. 

With  respect  to  the  burning  mechanisms  of  metais,  reviewed  are  the  finite 
reaction  zone  model  of  Coffin,  liquid  oxide  bubble  model  of  Faesell,  collapsed 
reaction  zone  model  of  Brzustowski  and  Glassman,  extension  of  the  Brzustowski- 
Glassman  model  by  Knipe,  the  heterogeneous  reaction  model  of  Marks tein  and  the  very 
recent,  broad  homogeneous  reaction  zone  model  of  Sullivan. 
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IN  THIS  REVIEW  OF  IGNITION  AND  FLAME  MODELS  OF  METALS,  the  authors  will  use  their 
own  work  as  the  central  basis  of  discussion.  The  work  of  others  will  be  well- 
referenced  and  discussed  and  various  ignition  theories  will  be  reviewed  extensive¬ 
ly  in  an  appendix.  The  early  work  in  metal  combustion  at  Princeton  (1),  (2),  (3), 

(4)  will  be  mentioned  only  briefly.  Various  compendia  and  general  reviews  (5), 

(6),  (7),  (8)  of  metal  combustion  are  readily  available. 

IGNITION  MODELS* 

The  impetus  at  Princeton  for  a  study  of  ignition  phenomena  came  about  through 
certain  results  obtained  in  earlier  work  on  combustion  which  made  use  of  the  tech¬ 
nique  of  ohmic  heating  of  wire  samples  (4),  (9),  (10),  (11),  (12). 

While  investigating  the  flames  produced  by  aluminum  wires,  Brzustowski  (4), (9), 
found  that  the  ignition  temperature  of  aluminum  in  oxygen-argon  atmospheres  was  very 
close  to  the  melting  point  of  aluminum  oxide  at  pressures  greater  than  300  torr. 

In  addition,  Friedman  and  Macek  (13)  had  shown  that  the  Al,0,  coating  must  melt  in 
order  that  aluminum  undergo  vapor-phase  combustion.  Later  Kuehl  (14)  showed  that 
in  general  the  ignition  temperature  of  aluminum  is  very  close  to  2042°C.,  the  melt¬ 
ing  point  of  the  metal  oxide. 

Mellor  (10),  (11)  carried  out  similar  experiments  with  anodized  aluminum  wires 
in  carbon  dioxide-oxygen  atmospheres.  He  observed  two  things  that  were  very  differ¬ 
ent  from  the  results  of  Brzustowski.  First,  in  the  carbon  dioxide-argon  mixtures 
at  pressures  below  300  torr,  a  cylindrical  vapor-phase  diffusion  flame  appeared  ber 
fore  the  wire  broke.  On  the  other  hand,  in  the  oxygen-argon  mixtures,  the  wire 
broke  thereby  exposing  molten  aluminum  to  the  oxidizing  atmosphere  be fore  a  vapor- 
phase  flame  appeared  (4),  (9).  Stcondly,  on  the  basis  of  total  power  required  at 
ignition,  it  was  easier  to  ignite  anodized  aluminum  wires  at  similar  pressures  in 
COj-Ar  atmospheres  than  it  was  to  ignite  them  in  02~Ar  atmospheres  (10),  (11). 

To  explain  these  results  it  was  necessary  to  consider  the  pre-ignition  oxi¬ 
dation  of  the  metal.  In  CO.-Ar  mixtures,  little  oxidation  occurs  during  the  pre¬ 
ignition  period  while  ir  O.-Ar  mixtures,  a  very  thick  oxide  coating  builds  up  on 
the  surface  of  the  metal.  ^In  general,  the  anodized  film  is  porous  but  in  oxygen 
containing  atmospheres,  these  pores  are  filled  by  the  natural  oxidation  process 
during  this  preignition  period  (15).  Thus,  in  this  case,  melting  of  the  oxide 
occurs  before  ignition  can  take  place. 

For  an  anodized  Tilm  of  AljO,  considered  here,  a  thin  barrier  layer  of  oxide 
exists  between  the  outer  porous^layer  and  the  metal  substrate.  Even  in  the  case 
of  a  CO,-Ar  atmosphere,  however,  it  is  suggested  that  the  ignition  temperature  is 
still  equal  to  the  melting  point  of  AljO,  since  only  the  barrier  layer  need  be 
melted  to  expose  the  molten  aluminum  to  this  oxidizing  atmosphere  (15).  Thus,  in 
summary,  since  little  oxidation  occurs  before  ignition  in  a  CO--Ar  atmosphere  and 
since  the  anodized  coating  is  porous,  ignition  occurs  in  a  cylindrical  vapor-phase 
flame  upon  melting  of  the  barrier  layjj  before  the  wire  breaks  at  that  point  when 
the  anodized  coating  completely  melts  .  Obviously,  because  of  the  little  oxide 
built  up  before  ign' rion,  the  total  power  at  ignition  for  the  anodized  wire  is  less 
in  the  CCj-Ar  mixtures  than  in  the  Oj-Ar  mixtures. 

This  work  with  aluminum  and  other  work  with  magnesium  ribbons  (4),  (9),  (10),  (11) 
showed  primarily  that  the  ignition  of  metals  is  strongly  dependent  on  the  pre- 
iunition  surface  oxidation  reaction  in  the  environment  of  interest.  Surface ?xi- 
dation  reactions  determine  whether  or  not  a  particular  metal  coating  is  protective 
in  a  certain  environment  in  a  particular  temperature  range.  If  the  metal  coating 
is  protective,  then  the  metal  sample  cannot  ignite.  However,  usually  the  oxide 
coating  becomes  nonprotective  at  higher  temperatures  and  the  sample  may  then  ignite. 

This  surface  coating  is  the  unique  property  of  the  metal  ignition  problem  that 
makes  it  very  difficult  to  analyze  mathematically.  The  ignition  problem  has  been 
well  treated  for  the  homogeneous  case,  but  is  not  at  a.ll  well  understood  in  the 
case  of  a  simple  heterogeneous  reaction.  Here  the  situation  becomes  even  more  diffi¬ 
cult  since  one  must  consider  the  complicating  factor  brought  about  by  the  low  tem¬ 
perature  oxidation  process  common  to  all  metals  of  interest. 

*  This  section  has  been  extracted  from  the  M.S.E.  thesis  of  Laurendrau  (17).  The 
content  is  based  extensively  on  the  earlier  Ph.D.  thesis  of  Mellor  (12). 

**  A  more  appropriate  explanation  for  the  appearance  of  this  cylindrical  vapor- 
phase  flame  will  be  offered  in  a  later  sectic-i. 
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These  findings  coupled  with  the  well-known  concepts  of  the  homogeneous  prob¬ 
lem  led  to  Mellor 's  work  on  the  development  of  both  a  model  for  the  heterogeneous 
ignition  of  metals  and  subsequent  experimental  verification  of  certain  trends  pre¬ 
dicted  by  that  model  (15),  (12).  Later  work  by  Laurendeau  (17)  further  substanti¬ 

ated  and  clarified  some  aspects  of  the  model  primarily  through  an  experimental  de¬ 
termination  of  the  ignition  temperatures  of  many  common  non-toxic  metals  in  an  oxy¬ 
gen  atmosphere. 

THE  STEADY  STATE  MODEL  OF  METAL  IGNITION  -  As  mentioned  previously,  any  model 
which  attempts  to  describe  the  metal  ignition  process  must  take  into  consideration 
the  formation  of  solid  phase  products  on  the  surface  during  the  pre-ignition  re¬ 
action.  Thus,  metal  ignition  is  usually  much  more  complicated  than  the  hetero¬ 
geneous  ignition  of  other  simple  fuel-oxidizer  systems.  Because  of  this  diffi¬ 
culty,  Mellor  developed  a  qualitative  model  of  metal  ignition  based  to  a  large  ex¬ 
tent  on  the  classical  thermal  theories  of  homogeneous  ignition  as  demonstrated 
most  lucidly  by  Frank-Kamenetskii  in  his  comprehrnsive  work  describing  the  effects 
of  heat  and  mass  transfer  in  chemical  kinetics  (16). 


As  is  well  known,  both  a  stationary  and  a  non-stationary  approach  exists  for 
the  description  of  the  homogeneous  ignition  phenomena.  Because  of  the  complica¬ 
tions  involved  in  any  heterogeneous  process,  it  is  best  to  emphasize  the  stationary 
approach  in  this  case.  It  may  be  shown  that  the  non-stationary  approach  can  equally 
well  describe  the  metal  ignition  process,  but  the  argument  is  somewhat  laborious 
(See  Ref.  12).  Therefore,  since  it  is  of  interest  here  to  only  describe  those  as¬ 
pects  of  the  model  directly  essential  to  this  particular  work,  the  steady-state 
approach  will  be  followed  in  order  to  make  the  principal  ideas  os  clear  as  possible 
to  the  reader.  Those  interested  in  a  detailed  description  of  both  the  stationary 
and  non-stationary  aspects  of  the  model  along  with  an  excellent  discussion  of  the 
relationship  between  the  classical  thermal  theories  of  homogeneous  ignition  and 
the  present  model  may  wish  to  consult  Chapter  II  of  Ref.  12. 

It  seems  important  at  this  time  to  indicate  the  intent  of  the  early  work  at 
Princeton  by  Mellor.  He  attempted  to  construct  a  qualitative  model  which  would 
take  into  consideration  metals  of  all  types  and  sizes  in  all  possible  atmospheres. 

An  investigation  of  other  models  of  metal  ignition  (12)  (see  Appendix  I)  indicate 
that  they  are  much  more  quantitative  than  the  present  description  in  that  they 
attempt  to  calculate  ignition  temperatures;  however,  each  of  these  models  is  re¬ 
stricted  to  only  a  very  limited  range  of  practical  experimental  situations. 

HETEROGENEOUS  IGNITION  WITH  GAS-PHASE  REACTION  PRODUCTS  -  Before  metal  ig¬ 
nition,  i.e.,  heterogeneous  ignition  with  solid-phase  reaction  products  ir.  con¬ 
sidered,  it  is  of  paramount  importance  that  a  sligntly  simpler  case  be  investi¬ 
gated,  that  is,  the  ignition  of  a  solid  fuel  via  reaction  with  a  gaseous  oxidizer 
involving  only  gaseous  reaction  products.  An  example  of  this  might  perhaps  be  a 
carbon  particle  reectinq  in  air  or  oxygen  (12). 

As  pointed  out  by  Mellor  (12),  in  the  case  of  a  heterogeneous  system,  where 
the  exothermic  reaction  occurs  on  the  surface  38  opposed  to  throughout  a  reaction 
volume  as  in  a  homogeneous  system,  the  interaction  is  characterized  by  a  uniform 
surface  temperature  T  instead  of  a  gas  temperature,  and  all  heating  term*  are 
expressed  per  unit  aria  instead  of  per  unit  volume.  Thus,  in  order  to  investigate 
the  ■-•ate  of  a  spherical  metal  particle  in  a  static  Jaseous  atmosphere  for  which 
a’l  the  products  are  assumed  to  be  in  the  gaseous  state,  a  heat  balance  is  con¬ 
veniently  made  in  a  thin  control  volun.j  at  uniform  surface  temperature  T#  enclosing 
only  the  reacting  surface  of  the  metal  . 


This  heat  balance  is  constructed  by  examining  the  rate  of  heat  input  and  the 
rate  of  heat  loss  from  the  aforementioned  thin  control  volume,  both  quantities 
being  functions  of  the  surface  temperature  T  .  Consider**  first  then  the  chemical 
energy  release  rate  in  cal/cm*  it  may*be  written  as; 


Eq  (l) 


where  A  is  the  molar  reaction  rate  m  moles  of  fuel  per  cm2  per  second  snd  Q  is 
the  chemical  energy  release  in  calories  per  mole  of  fuel. 


Since  a  st  ••  •  ■  *  is  being  considered  here,  it  is  necesssry  that  the  con¬ 
trol  surface  bv  '  \  ry.  Therefore,  in  thia  development,  reactant  depletion 

i«  ntglected. 

♦  • 


In  the  present  discussion,  only  chemical  heat  input  will  be  considered. 
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The  chemical  energy  release  is  given  by  the  expression! 


GL  =  1,-q 

reu<T. 

i 


^  /nj 


Eg  (2) 


where  the  subscript  i  indicates  ;-eactanta  and  the  subscript  j  products,  where 


aH. 


zit 


U  *  (»*-  H„,  ) 


Eq  (3) 


and  where 


surface  temperature.  K; 
=  no.  of  moles  of  species 


4  4,  — ■  I4W«  W  X  IllV.tCO  W  X  OpUtXCO  C  X  IIIWAt  W  X 

H{  .  ■  standard  heat  of  formation  of  species 
HT  ^  «  enthalpy  of  species  k  at  T°K,  cal/mole 


per  mole  of  fuel; 

k  at  298°K,  cal/mole  of  k; 
of  k. 


The  molar  reaction  rate  *s  given  by  two  exprcsaions,  depending  on  whether  the 
surface  temperature  T  is  suen  that  the  reaction  rate  is  controlled  by  kinetics  or 
by  diffusion  of  the  oxidizer.  At  lower  temperature,  A  may  be  given  by: 


/vn 


Eq  (4) 


wjieit  3n-2  n-l 

A  =  pre-exponential  factor,  cm  /moles  .  sec; 

E  =  activation  energy,  cal/mole; 

R  *  universal  gas  constant,  cal/mole.  K;  ■> 

C  »  oxidizer  concentration  at  the  surface,  mole  of  fuel/cm'; 

ns  =  order  of  the  reaction,  dimensionless,  and,  therefore,  here  the  dependence  of 
^chem  on  Ts  exPonentia^  due  to  the  controlling  kinetic  Arrhenius  factor. 

At  higher  temperatures,  iti  may  be  given  by; 


(c-ct) 


Eq  (5) 


where 

Nu  »  diffusion  Nusselt  number,  dimensionless; 

D  =  diffusivity  of  the  oxidizer,  cm~/sec; 
r  *  a  characteristic  dimension  of  the  system,  cm;  3 

C  »  oxidizer  concentration  in  the  gas,  moles  of  fuel/cm  ; 

and,  therefore,  here  the  dependence  of  <$  .  on  T  i»  given  predominantly  by  the 

diffusivity  D  which  varies  as  the  1.67  pSOer  of  temperature  (18). 


Thus,  as  T  is  increased,  the  value  of  3  .  g  also  increases  due  to  the  vari¬ 
ation  of  0  with*T  ,  but  the  form  of  4ch__  vs  5^*Ta  given  by  an  S-ehaped  curve  (See 
Fig.  la)  which  emphasizes  the  controlcofmthe  cnemical  heat  release  by  the  molar  re¬ 
action  rate,  A.  At  lower  temperatures  A  is  controlled  by  kinetics,  but  as  ?  is 
increased,  diffusion  of  the  oxidizer  through  the  inert  gas  to  the  particle  surface 
becomes  important  and.  therefore,  A  then  is  controlled  by  the  diffusion  process. 

In  addition  to  diffusion,  the  drop  in  ‘.he  slope  of  the  4..  vs  T  curv*  at  higher 
temperatures  is  partially  due  to  a  email  amount  o'  d.’ asofclation  of  the  reaction 
products . 

Consider  next  the  heat  loss  rate  in  cal/cm2.  sec  from  the  same  control  volume 
described  previously.  Recalling  chat  this  ccntrol  volume  includes  only  the  re¬ 
action  surface,  then  the  rate  of  heat  loss  4j0J>  maf  be  written  es  follows: 


where 
JJcond.  f 


3 


Eq  (6) 


csl  '•cm*  ’sec; 
cel/ cm, « . 


conductive  heet  i-re  into  the  fuel  particle. 

^  nd  -  conductive  heat  loss  i"to  the  ambient  static  gas.  cal/cs.* . sec; 

"  -  radiative  heat  loss  to  t^e  environment,  cal,  cm2. sec: 

.■'mi  where  each  of  theae  terms  is  of  rcurae  a  function  of  the  surface  temperature 


Notice  that  in  thia  equation,  there  ie  rj  t-nr  indicating  heat  4.jss  by  iiteans 
of  maca  transfer  of  gaaeous  products  to  the  environm - ->t .  In  this  analysis,  the 
gas  phase  products  are  considered  to  be  instantaneous .y  removed  aa  they  are  pro¬ 
duced  at  temperature  Tg  and  they  are  not  allowed  to  participate  in  any  heat  trans- 


1S-4 


f«r  to  th«  environment.  This  approach  is  taken  not  solely  for  simplicity,  but  in 
looking  forward  to  the  adaptation  of  this  model  to  the  case  of  vsterogeneous  metal 
ignition  as  characterized  by  the  deposition  of  a  solid-phase  product  on  the  sur¬ 
face,  it  is  recognized  that  such  a  product  cannot  participate  in  the  transport  of 
heat  from  the  reacting  surface  to  the  environment. 

By  expressing  each  of  the  above  terms  explicitly,  Eq  (6)  can  then  be  written 
in  the  following  manner: 


where 

k 


6<r(V-7;V 

Sq  (7) 


thermal  conductivity  of  the  fuel  or  oxidizer  gas  mixture  (denoted  re¬ 
spectively  by  subscript  f  or  g),  cal/cm.aec.K; 

temperature  gradient  evaluated  at  the  surface  of  the  particle  (r»r  ) 
either  into  the  fuel  (r«r  )  or  into  the  oxidizer  (r«r0+),  °K/cm; 
total  surface  emissivity,°3imensionless; 

Stephen- Boltzmann  constant,  cal/cm2*sec.  (°K)4; 
effective  radiation  temperature  of  the  environment,  °K. 


The  general  form  of  the  vs  T  curve  as  obtained  from  the  addition  of 

these  three  heat  loss  terms  isA8epicted“in  Fig.  lb.  Notice  that  at  the  origin, 
where  T  is  equal  to  the  ambient  gas  temperature  T  .,  4laa_  **  equal  to  zero.  In 
order  that  this  be  true,  it  is  necessary  that  the  SVeralitemperature  (both  internal 
and  surface)  of  the  sample  be  equal  to  T  .  before  heating  begins.  If  T  .  is  taken 
to  be  room  temperature  (298°K) .  then  this  Becomes  a  perfectly  reasonable  approxima¬ 
tion  of  an  actual  physical  heating  process.  In  other  words,  for  convenience,  the 
heating  o£  the  sample  is  considered  to  take  place  in  a  room  tempgrature  environ¬ 
ment  in  which  the  original  temperature  of  the  sample  is  also  298  K.  Thus,  if  T  * 

Tamb  *  298°K'  then  ^loss  ia  ectual  to  z*ro  ainc*  onlV  th*n  ia  $Cona  f  etJual  to  z*ro- 

Other  values  of  T  .  can  also  be  considered,  but  it  is  felt  that  this  example 
is  the  easiest  to  visualize}  indeed  the  curves  can  quite  simply  be  extended  to 
other  values  of  T  .  ,  as  will  be  made  clearer  in  a  discussion  of  Fig.  2  at  the  end 
of  this  section.  am 


If  the  most  general  case  is  considered,  the  end  di  aa  curve*  meY  com~ 

bined  in  the  fashion  depicted  in  Fig.  lc  in  which  three  points  Of  intersection  de¬ 
fining  equilibrium  conditions  at  the  sample  surface  are  obtained.  The  end  points 
of  intersection  at  the  low  and  high  temperature  regions  of  Fig.  lc  are  both  stable 
equilibrium  temperatures  with  respect  to  small  perturbations  of  the  surface  tem¬ 
perature  T  since: 


'TT 


and 


A 1  f 5  $  ^ 

ll 

'  Ty.  T".J  '  J 

'  TpT..,j 

)l  4  {&*) 

I 

iTs'Tj 

Eq  (8) 


Eq  (9) 

Physically  this  means  that  at  temperatures  so  ewhat  greater  than  T  or  Tf ,  d. 
is  greater  than  d  ,  and  thus  T  tends  to  decrease:  at  temperature!  somewhat  lias 

than  T  ..  or Tf.  IT"  is  less  than  d-v.*.  end  T  tends  to  increase.  Therefore, 

T  ld  n|i  T(  art  etui!  temperatures  townich  thl  system  tends  to  converge. 


The  high  temperature  intersection  physically  represents  the  flame  tempera¬ 
ture  and  is  then  the  steady-state  se^f-aftstained  combustion  mode  of  tha  system.  For 
metals,  the  flame  temperature  is  lim* ,ed  by  enthalpy  considerations  to  the  boiling 
point  of  the  metal  oxide. 


The  low  temperature  intersection  T  ia  referred  to  as  the  oxidation  tempera¬ 
ture.  It  physically  repreeents  the  oi.dlP.iry  sl>  *,  klnctically  controlled,  surface 
oxidation  reaction  common  at  this  low  temperature.  However ,  as  can  be  seen  by  the 

curves  ere  neeriy  tangent  at  T _ the  true  oxidation 


feet  that  the  $_h,_  end 
process  realistically  occur! 


over  a  short  temperature  ranee 
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The  center  point  of  intersection,  denoted  by  T is  called  the  critical 
perature  and  is  an  unstable  equilibrium  surface  temperature  since: 


tem- 


^4  -  Terit 


(  t  — ) 


Ts*  Tc fit 


:)/  >-  ^  Eq  (10) 

y  ’  T*  *  *  (  &  T~)  J  Tj  *  Ten'  t~ 

leas  than  T crit  tend  to  decrease  to  T . .  since  here 
and  surfacSrCemperatures  greater  thanxT°  (1  tend  to 


Thus,  surface  temperatures 

4,  is  greater  than  d  .  and  surfacSt4imperatures  greater  thaH*  tend  to  in¬ 

crease  to  7,  since  herecq?  is  less  than  d 

situations  that  Is  so  important  in  this  develtSpKent,  i.e.,  once  the  critical  tempera¬ 
ture  is  reached,  the  system  tends  to  higher  temperatures.  Because  this  phenomenon 
is  uo  vital  to  a  complete  understanding  of  the  ignition  problem,  the  critical  tem¬ 
perature  T  is  defined  as  follows:  T  is  the  lowest  initial  surface  tempera¬ 
ture  from  which  the  surface  may  self-heatrCo  reach  the  steady-state  <  '>mbustion  con¬ 
figuration. 


The  critical  temperature  is  commonly  called  the  spontaneous  ignition  tempera¬ 
ture  in  the  literature.  It  is  here  labeled  the  critical  temperature  in  order  to 
avoid  confusion  with  the  experimental  ignition  temperature  shortly  to  be  discussed. 
The  existence  of  this  critical  temperature  is  the  basic  cause  of  the  metal  dust  ex¬ 
plosions  that  on  occasion  occur  in  various  industrial  plants. 

It  is  now  important  to  define  an  ignition  temperature  T.  which  can  be  easily 
related  to  the  experimental  ignition  temperature.  For  most  systems,  the  experi¬ 
mental  ignition  temperature  is  usually  taken  to  be  that  temperature  at  which  the 
flame  appears.  When  the  flame  appears,  whether  it  be  vapor-phase  or  surface  com¬ 
bustion,  there  occurs  simultaneously  the  most  rapid  rate  of  change  with  time  of 
both  light  intensity  and  sample  temperature*.  Since  temperature  runaway  is  the  most 
obvious  phenomenon  of  the  ignition  process  and  since  it  is  die  easiest  to  measure, 
especially  for  metals  which  burn  of  the  surface,  it  is  convenient  to  define  a 
theoretical  ignition  temperature  in  terms  of  this  particular  property  of  the  ig¬ 
nition  process. 

Now,  since  the  aforementioned  control  volume  is  assumed  to  be  at  a  uniform 
temperature  T  ,  the  time  rate  of  change  of  the  surface  temperature  can  be  expressed 
as  a  linear  function  of  the  quantity  *■ 


Eq  (11) 


where 

/  ■  density  of  the  fuel,  g/cm^; 

<  -  thickness  of  the  control  volume  (  j  j*0),  cm; 

c  "  fuel  specific  heat,  cal/g.  K, 


According  to  Eq.  (11)  then,  the  ignition  temperature  can  be  defined  by  that  point 
at  tdiich  the  maximum  difference  between  $  .  and  <J,  exists.  Now  since  the  ig¬ 
nition  temperature  must  be  above  the  critic”  temperature,  and  below  the  flame  tem¬ 
perature,  then  the  ignition  temperature  Tj  can  be  represented  graphically  as  in 


Mathematically,  the  ignition  temperature  is  defined  by  looking  for  the  maximum 
value  of  )  above  T  but  below  T„.  Therefore: 


where 


Bq  (12) 


T.,,t  1  TTj.  i  ~rf 


Eq  (13) 


In  the  courae  of  many  experiments  with  various  metals,  the  maximum  change  nf 
light  intensity  and  temperature  appear  to  always  coincide. 

•  • 


In  this  graph,  the  internal  coordinate  system  is  identical  to  Fig.  lc. 
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Thus,  the  full  definition  of  the  experimental  ignition  temperature  becomes  the 
following: 


**  \  j 

l '  rs--r„ 


^Tj 


{  Th  j  I 


T'jr 


,-f  *Tr  *77 


Eq  (14) 


The  above  then  points  out  the  theoretical  difference  between  T  ..  and  T.  as 
interpreted  on  a  4  vs  T  diagram.  At  T  the  magnitudes  of  H  4-,  lg§re 

equal;  at  T.  ,  the  slopes  of  the  4cv-mCa““  4ioflfl  curv*8  are  equal?  PhysieSiSy, 
this  distinction  that  has  been  introduced  betPelfi  the  ignition  temperature  and  the 
c/lticdl  or  spontaneous  ignition  temperature  is  a  very  important  one,  since  it 
allows  for  the  distinct  possibility  of  the  existence  of  an  ignition  delay  time. 

This  possibly  long  self-heating  time,  possibly  due  to  an  oxide  accumulation  on  the 
surface,  is  what  must  be  prevented  when  metal  particles  are  used  to  increase  the 
performance  of  rocket  combustion  chambers,  for  example.  Thus,  in  these  applications, 
the  ignition  temperature,  not  the  critical  temperature,  is  of  prime  importance  in 
dealing  with  ignition  Inefficiencies. 

As  intimated  above,  the  ignition  delay  time  in  metal  ignition  may  oe  of  the 
order  of  minutes  rather  than  a  few  seconds  or  milliseconds  as  in  a  homogeneous 
gaseous  ignition  process.  This  large  difference  in  ignition  delay  time  between 
heterogeneous  and  homogeneous  systems  is  essentially  due  to  the  need  for  oxidizer 
diffusion  to,  and  absorption  on,  the  fuel  surface  in  the  case  of  a  heterogeneous 
chemical  reaction.  If  the  rate  of  chemical  heat  input,  4cvem»  for  a  heterogeneous 
system  is  represented  in  Arrhenius  form,  as  for  a  homogen£8§2  system,  then  the  com¬ 
puted  values  of  4c-u_m  will  indicate  the  influence  upon  heterogeneous  reaction  of 
the  physicc.1  processes  of  diffusion  and  absorption.  The  much  lower  value  of  <5  , 
for  a  heterogeneous  system,  as  compared  to  that  in  a  homogeneous  syste,  acccunSsfor 
the  large  ignition  delay  time  for  such  reactions,  since  IT/bf  is  a  linear  function 
of  (4cjjem~4j09a )  fo*  homogeneous  as  well  as  heterogeneous  systems. 

Now,  for  both  homogeneous  and  heterogeneous  systems  in  the  kinetic  range,  <5  . 
and  thus  the  ignition  delay  time  is  a  strong  function  of  the  kinetic  frequency  o£nem 
pre-exponential  factor  if  the  appropriate  reaction  rate  is  expressed  in  Arrhenius 
form  (19).  On  the  bas-is  of  collision  theory,  it  has  been  found  that  in  general  the 
more  complicated  the  chemical  reaction  process,  the  smaller  in  magnitude  is  the 
kinetic  frequency  factor  and  thus  the  slower  is  the  reaction  rate  (20) .  For  homo¬ 
geneous  bimolecular  reactions,  the  frequency  factor  is  on  the  order  of  lO3®  to  lO1'1 
cm3/male-8ec  and  for  unimolecular  reactions,  around  1033  to  103?  sec-1  (19,20).  For 
heterogeneous  reactions,  the  pre-exponential  factor  has  a  value  for  metal  systems  of 
10“  3  to  10“®  gm2/cm  -sec  for  protective  oxide  systems  and  10“  3  to  10~®  gm/cm  -sec 
for  r.on-protective  oxide  systems  (2), 22).  Thus,  for  a  complicated  heterogeneous 
metal  reaction,  $  .  is  much  smaller  in  magnitude;  in  addition,  there  is  a  further 
reduction  of  thus  a  longer  ignition  delay  time  for  a  heterogeneous  re¬ 

action  due  to  tne  onset  of  the  diffusional  control  of  the  reaction  rate  at  higher 
surface  temperatures. 


Fig.  2  displays  all  of  the  above  defined  surface  temperatures  on  a  diagram 
covering  the  entire  temperature  range  starting  at  0°K.  The  internal  coordinate  sys¬ 
tem  has  its  origin  at  4"®.  T  “T .  and  is  the  coordinate  system  used  in  Fig.  1. 
However,  th*  extension  to  Ok  ismade  here  in  order  to  discusa 
of  the  heterogeneous  ignition  system  in  more  detail. 


»s  some  of  the  properties 


At  0°K, 


(4)  approaches 
As  discussed  previously 


o*  v  r~,  4ev-_  goes  *0  zero;  this  is  appropriats  aince  it  lower  tempera  ure  the 
molar  reaction  rata  A  which  is  a  factor  in  determining  4  .  is  in  the  kinetic 
regime  and  aa  T  goes  to  zsro,  indeed  the  exponential  tefm  in  Eq 
aero  thereby  forcing  A  and  thus  to  alto  approach  sero.  Aa 

approaches  ssro  as  T  approScnes  T  .  if  the  tenperature  of  the  sample  before 
hfSting  (at  t«0  )  is  also  T  Th*  ambient  temperature  ia  usually  taken  to  be 
298  K  since  the  process  ia  much  easier  to  visualise  at  room  temperature.  However, 
any  other  value  of  T  .  may  be  used,  but  the  initial  temperature  of  the  sample  must 
also  be  raised  to  T_^.°in  order  that  4;„«.  be  equal  to  zero  at  t,.,k.  This  may  seem 


*  l.  *«•  WHv  Ml--- 

very  artificial,  but  again,  it  is  doneAln‘ 
in  the  development  of  th>-  model. 


this  manner  aimply  for 


ake  of  clarity 


More  importantly,  however,  the  \mbient  temperature  is  taken  to  be  298°k  because 
this  will  give  the  moet  general  results  in  terms  of  the  three  points  of  intersection 
shown  in  Fig,  lc.  In  other  words,  by  varying  T  .  for  a  fixed  value  of  T  ,  4  . 
ateys  essentially  constant  while  4,  varies  a8gPeat  deal  and  thus  it  is'posSlSTe 
that  only  one  point  of  intereectioft?siither  at  the  low  temperature  or  high  tempera¬ 
ture  end  of  the  scale,  will  appear.  In  chic  case,  the  sample  will  either  nsvsr  ig¬ 
nite  or  always  ignite.  This  situation  is  not  of  general  interest  here  and  thua 
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T  ,  is  taken  to  be  near  room  temperature.  However,  even  in  this  case,  if  the 
initial  temperature  of  the  sample  is  kept  at  the  appropriate  T  .  for  the  system, 
then  4ioss  is  •’qual  to  zero  at  that  particular  Tg  =  T^, 

In  the  unsteady  problem,  g.  need  not  always  be  equal  to  zero  at  T  =  T  ,. 

At  any  constant  value  of  T  ,  once°tne  heating  process  has  begun,  g.  decreases"1 
equally  over  the  entire  temperature  range,  due  to  the  conduction  losses  to  the  in¬ 
terior  of  the  metal  sample  (12).  In  fact,  g.  takes  on  negative  values  at  T  = 

T  .  since  now  the  internal  energy  of  the  safflpll  tends  to  heat  the  surrace  because 
tfie  interior  temperature  is  greater  than  the  surface  temperature,  and  therefore 
g.  actually  becomes  a  heat  source.  Now,  a  diagram  similar  to  Fig.  2  can  be 
gfipned  for  any  time  t*  in  the  heating  process.  But  for  any  time  greater  than  t=0, 
g.  will  not  be  equal  to  zero  at  T  =  T  .  since  the  entire  sample  has  now  gained 
en^fgy  from  the  heating  process  at  anighersur face  temperature. 

This  last  paragraph  deserves  a  little  more  clarification  since  it  implies  other 
details  of  the  model  as  interpreted  here  that  are  not  so  obvious.  Recall  that  Fig.  2 
represents  a  strictly  time-independent  system  and,  therefore,  one  must  UBe  extreme 
caution  in  analyzing  for  example  the  variation  of  surface  temperature  with  time  in  an 
actual  physical  heating  process.  This  graph  then  strict) y  represents  the  instan¬ 
taneous  attainment  of  a  surface  temperature  Tg  artificially  put  on  the  surface  of  a 
fuel  sample  of  original  overall  temperature  Tg  .  in  a  gaseous  atmosphere  of  tempera¬ 
ture  T  ,.  This  is  somewhat  analogous  to  the  aumping  of  a  sample  ir.  a  heat  bath  in 
which  sample  surface  instantaneously  attains  the  bath  temperature,  except  that 
here  there  is  another  variable  in  that  the  atmosphere  has  an  indegendent  temperature 
Tamb  etlua^  t0  t*ie  overall  temperature  of  the  sample  at  time  t  =  0  . 

Now,  imagine  the  sample  in  equilibrium  with  the  oxidizing  atmosphere  at  T  .  . 
Instantaneously  a  higher  temperature  T  is  made  to  appear  on  the  fuel  surface;  it 
remains  there  until  at  a  later  time  when  instantaneously  the  original  ambient  tempera- 


T  =  T  ,  since  the  interior  of  the  sample  is  not  at  temperature  T  .  ,  but  at  a  higher 
timperl¥ure,  which  tends  to  heat  the  3urface  thus  making  g.  s  a  negative  quantity 
since  indeed  this  process  represents  a  heat  gain.  Therefore,  all  the  diagrams  in 
this  report  represent  steady-state  situations  at  time  t=0+  when  g.  is  equal  to 

«  T.  ’  Tamb' 

Not  only  is  this  done  for  better  visualization  of  the  actual  theoretical  ig¬ 
nition  process,  but  also  for  a  much  more  practical  reason.  The  essential  use  for 
these  diagrams  is  to  be  able  to  predict  if  a  fuel  sample  will  or  will  not  ignite.  If 
it  does  not  ignite,  it  must  stabilize  at  T  if  it  does  ignite,  it  must  reach  Tf. 

Although  the  actual  values  of  T  ■ .  and  T,°ttill  vary  with  time  somewhat  (12),  what^ 
ever  values  they  represent  will°eventualiy  be  reached  in  the  final  steady-state  con¬ 
figuration  of  the  fuel  sample.  In  application,  the  main  query  is  to  whether  or  not 
the  sample  will  ignite  with  a  given  set  of  initial  conditions  on  the  problem.  There¬ 
fore,  the  determination  of  whether  or  not  ignition  will  take  place  must  be  answered 
practically  at  time  t  •  0+,  which  is  really  the  main  reason  for  graphing  these 
curves  at  this  par^'rular  value  of  time. 

Looking  again  at  the  g.  curve  in  Fig.  3,  it  can  be  seen  that  at  T  T  .  , 
g.  becomes  an  actual  heatAgain  even  at  time  t»0+.  This  is  again  true  because  at 
Tg°*amb'  the  interi°r  temperature  of  the  sample  is  greater  than  the  surface  tempera- 

Also,  because  g,  is  equal  to  zero  at  T  .  .  then  for  this  case  in  which  there 
is  no  solid  phase  proa88t  deposited  on  the  samptsDaurface,  the  stable  low-temperature 
oxidation  temperature  T  . .  is  somewhat  higher  than  T  b.  Although  this  may  seem 
pecu) iar  in  light  of  practical  experiences  with  metallyDthere  is  a  fairly  simple  ex¬ 
planation  that  will  be  discussed  in  detail  in  the  following  section. 

HETEROGENEOUS  IGNITION  WITH  SOLID-PHASE  REACTION  PRODUCTS  -  All  of  the  preceding 
has  been  for  the  case  where  the  products  of  combustion  appear  in  the  gas  phase.  For 
metals,  the  greatest  difficulty  cornea  about  through  the  fact  that  a  solid  state  metal 
oxide  coating  appears  on  the  surface  of  the  sample.  This  represents  one  more  level 
of  difficulty  in  the  treatment  of  the  heterogeneous  igniticn  problem. 

Again,  a  spherical  fuel  sample  in  a  static  oxidising  atmosphere  is  t-usidered. 
The  control  volume  includes  those  products  formed  on  the  reaction  surface.  In  addi¬ 
tion,  the  product  temperature  ia  uniform  and  equal  to  the  surface  temperature  so  that 
the  solid-phase  products  do  not  contribute  to  the  heat  transfer  characteristics  of 
the  configuration,  indeed,  all  the  assumptions  of  the  previous  section  are  maintained 
such  that  the  equations  and  concepts  developed  there  remain  valid  for  the  case  of 
solid-phase  product  formation. 


It  has  been  well-established  in  isothermal  oxidation  experiments  that,  in 
general,  at  low  temperatures,  the  presence  of  the  metal  oxide  film  leads  to  the  so- 
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called  protective  oxidation  rate  laws  while  at  higher  temperatures,  the  product 
film  offers  no  protection  to  further  oxidation  and  the  linear  rate  law  is  observed 
(21,23,24)*.  These  rate  laws  in  general  are  of  the  form: 


where 


Fq  (15) 


5 

x  -  mass  of  oxygen  consumed  per  unit  surface  area  at  time  t,  gm/cm  ; 
k  »  rate  constant,  (gm/cm2 )n/sec; 
n  ■  oxidation  law  index,  dimensionless. 


The  variable  x  may  alternatively  represent  the  mass  of  metal  transformed  to  the  oxide 
or  the  thickness  of  the  oxide  layer  in  the  case  of  a  uniform,  plane  parallel  oxide 
film.  However,  the  amount  of  oxygen  consumed  in  the  oxidation  process  per  unit  sur¬ 
face  area  is  most  widely  applicable  to  metals  of  interest  and  most  measurements  ot 
the  rate  constant  have  been  made  in  this  form  (21,22). 

Integration  of  equation  (Eq.  15)  with  n=2  or  n=3  gives  respectively  the  para¬ 
bolic  or  cubic  protective  rate  law: 


2.  A  t  r 

Eq 

(16) 

X1  - 

t  - 

Eq 

(17) 

The  logarithmic  law  is  another 

common  example  of  a  protective  rate 

law: 

X  - 

Eq 

(18) 

Integration  of  equation  (15)  with  n=l  gives  the  linear  rate  law: 


X  =  -4,  £  +  ^ i  Eq  (19) 

In  contrast  to  the  protective  rate  laws  (parabolic,  cubic,  logarithmic),  for  which 
the  rate  of  reaction  dx/dt  decreases  with  time,  the  rate  of  reaction  for  linear 
oxidation  is  independent  of  time  and  is  thus  independent  of  the  amount  of  gas  or 
metal  previously  consumed  in  the  reaction.  In  other  words,  here  the  rate  of  re¬ 
action  is  independent  of  the  amount  or  thickness  of  the  oxide  film  on  the  sample. 

One  explanation  of  this  phenomenon  that  is  most  usually  experimentally  observed 
(21,23)  is  that  the  oxide  film  has  either  become  porous  or  has  cracked  so  that  the 
metal  surface  is  not  protected  from  the  oxidizing  atmosphere. 

In  most  circumstances  the  parabolic  protective  oxidation  rate  law  appears  at 
average  temperatures:  as  the  temperature  increases,  the  non-protective  linear  rate 
law  usually  appears  before  ignition  occurs.  Thus,  at  lower  temperatures,  the  hetero¬ 
geneous  reaction  rate  is  inhibited  by  this  product  film,  while  at  higher  temperatures 
the  reaction  rate  is  essentially  independent  of  the  product  film.  Now  the  tempera¬ 
ture  at  which  chia  changeover  occurs  is  called  the  transition  temperature,  T.  . 

It  is  the  lowest  temperature  above  which  the  metal-oxidizer  system  is  controllea'by  a 
linear  oxidation  rate  law  that  persists  until  metal  ignition  occurs. 

Now,  since  below  this  transition  temperature  the  metal  is  protected,  the  transi¬ 
tion  temperature  must  be  less  than  or  equal  to  the  ignition  temperature.  In  fact, 
the  transition  temperature  is  the  lowest  possible  ignition  temperature  for  any  metal- 
oxidiser  system.  This  fact  will  become  clearer  in  the  next  section. 


Mellor  (12)  attributed  the  appearance  of  the  transition  temperature  to  a  phase 
change  or  other  changes  leading  to  stress  or  thermal  cracking  of  the  oxide  film  or 
perhaps  melting  of  the  oxide  as  in  the  case  of  aluminum.  Now  the  linear  rate  law 
may  not  only  be  due  to  the  non-protcctiveness  of  the  oxide  luyer  as  intimated  by  the 
above  mechanisms,  but  may  also  arise  from  other  physical  mechanisms  such  as  a  non- 
porous  barrier  layer  between  the  metal  substrate  and  a  porous  outer  oxide  layer  (12, 
23).  "therefore,  the  transition  temperature  only  defines  the  appearance  of  a  non- 
prgtective  linear  rate  law  which  persists  at  all  higher  temperatures  between  Tf 


an 


trans 


See  these  same  references  for  a  discussion  of  the  microscopic  mechanisms  oehind 

these  laws. 
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In  view  of  the  significance  of  the  transition  temperature  in  defining  the 
effect  of  the  solid  oxide  layer  in  metals,  this  problem  may  be  graphically  analyzed 
via  an  uncomplicated  extension  of  the  simpler  problem  of  heterogeneous  ignition  with 
gas-phase  reaction  products  as  displayed  in  Fig.  lc.  At  lower  temperatures  the 
molar  reaction  rate  it  will  be  reduced  due  to  the  presence  of  the  protective  product 
film.  Since  ifi  here  is  in  the  kinetic  regime,  $  h  will  decrease  following  Eqs.  (1) 
and  (4)  due  to  a  decrease  in  the  pre-exponentialnfactor  and  an  increase  in  the  acti¬ 
vation  energy.  At  temperatures  above  ,  4evem  i8  assumed  to  approach  the  value 

for  a  clean  surface  although  this  is  notrItfictIy  true  in  the  real  case  since  some 
oxide  always  adheres  to  the  exterior  of  the  metal.  The  4yOBa  curve  remains  the  same 
since  the  solid  oxide  coating  has  been  included  in  the  control  volume. 


Consider  now  the  region  near  the  critical  temperature  which  represents  the  area 
of  changeover  from  high  temperature  oxidation  to  ignition  and  subsequent  steady-state 
combustion.  Fig.  3a  depicts  this  region  for  the  case  of  no  solid-phase  product  for¬ 
mation.  Figs.  3b  and  3c  depict  the  case  of  solid-phase  product  formation  for  the  two 
possible  subcases;  Tt  T  ..  ;  T.  T  where  T  , ..  is  the  original 

critical  temperature  ror“the  clean1"0  surrlcS*.  FrSmc°these  graphs?  a  criterion  for 
metal  ignition  may  be  proposed; 


If 

T  < 

trans 

Tcrit  ! 
0 

then 

T.  * 

ign 

T 

crit  * 

0 

Eq 

(20) 

If 

T 

trans  > 

T 

crit  ' 
o 

then 

T.  > 

ign 

T 

trans  * 

Eq 

(21) 

If  Ttrans<  *crit  '  then  the  ignition  temperature  is  called  critical  temperature 

controlled,  whereaS  if  T  >  T  ..  ,  the  ignition  temperature  is  called  transition 

temperature  controlled  .  'JBBt  metafile  are  critical  temperature  controlled,  while 
a  few  metals  such  as  aluminum  and  beryllium  are  thought  to  be  transition  temperature 
controlled. 


It  is  important  to  note  here  that  a  transition  temperature  controlled  metal 
sample  of  reasonable  size  cannot  in  general  self-heat  to  ignition.  This  statement  is 
supported  by  the  fact  that  an  impervious  oxide 
protect  the  surface  from  producing  a  large  heat 
the  sample  would  be  expected  to  stabilize  at  T 
order  that  this  occur,  it  is  necessary  that  the 
termined  by  the  protective  surface  (the  solid  rather  than  the  dashed  curve  in  Fig.  3c) 
be  greater  than  Tcr^t  .  but  not  less  than  Ttran8<  80  that  self-heating  may  not  occur 

beiow  Ttrans.  In  othSr  words,  <iloss  must  be  greater  than  4ehem  for  all  T,  £  TtranB 

and  necessarily  T._  _  =T  ■ .  for  the  oxide-protected  surface  of  the  bulk  metal  as  de¬ 
picted  in  Fig.  3c.ans  crlt 


layer  covering  the  bare  metal  should 
of  reaction  until  T  2  T.  .  Thus, 
xid  for  a11  °riginalsT  *  Ta"  .  In 
xaetual  critical  temperature,  as°de- 


In  order  to  summarize  the  effects  of  Tt  on  all  previously  defined  tempera¬ 
tures  of  interest,  it  is  necessary  to  study  Inaaetail  Fig.  4.  Fig.  4  is  an  extension 
of  Fig.  2  to  the  case  of  a  heterogeneous  reaction  with  a  solid-phase  oxide  product. 
The  typical  decrease  in  4  .  below  T.  for  both  a  critical  and  a  transition  tem¬ 

perature  controlled  metalissnown  hef* aSut  with  emphasis  on  the  critical  temperature 
controlled  subcase  (the  T.  controlled  subcase  is  represented  by  the  dashed  $  . 
curve).  For  this  subcase,  Were  is  theoretically  no  change  in  T  as  well 

change  in  T.  and  T.,  from  the  case  of  a  heterogeneous  reactioncwlth  gas-phase  re¬ 
action  prod^Se.  f 


For  both  subcases,  the  protective  quality  of  the  low  temperature  oxide  film 
results  in  a  significant  lowering  of  the  oxidation  temperature  from  Toxi(J  to 

The  original  value  of  the  oxidation  temperature  TQxi(J  is.  as  mentioned  in°the  previous 

section,  somewhat  higher  than  the  ambient  temperature°T^^.  However,  due  to  the  pro¬ 
tective  qualities  of  the  oxide  layer  the  new  value  of  CnV  oxidation  temperature 
T  ...  is  postulated  to  be  very  near  T  .  .  as  would  physically  be  expected  for  most 
metals .  For  example,  calcium  is  known*?8  get  fairly  warm  if  exposed  to  a  room  tem¬ 
perature  environment,  and  would  be  expected  to  stab.1  lice  to  some  temperature  higher 
than  T  .  if  the  oxide  coating  were  continually  removed  during  the  oxidation  re¬ 
action.  “How ever,  it  is  also  a  matter  of  experience  that  calcium  quickly  develops 
a  protective  oxide  coating  end  that  after  some  time,  the  temperature  stabilises  close 
to  T  w.  Also,  since  some  metal  oxides,  such  as  AljO,.  are  more  protective  than 
others?  then  metals  like  aluminum  stabilise  extremely  close  to  room  temperature  and 

as  shown  in  Fig.  4, 


thus  do  have  T 


ox  id 


S£  T 


amb 


The  d  . „  curve  for  the  clean  surface  is  represented  in  these  figures  by  the 
dashed  line?"*"' 


19-10 


In  summary  then,  a  transition  temperature  has  been  defined  which  separates 
regions  of  time-dependent  and  time-independent  reaction  rates  for  heterogeneous 
metal-oxidizer  systems.  Ignition  is  postulated  to  occur  only  after  this  tempera¬ 
ture  is  exceeded  and,  furthermore,  the  ignition  process  occurs  exactly  as  in  other 
heterogeneous  systems. 

APPLICATION  OP  THE  STEADY-STATE  MODEL  TO  METAL  PYROPHORICITY  -  One  of  the  more 
interesting  properties  of  metals  is  the  ability  of  a  well-dispersed  group  of  small 
metal  particles  to  spontaneously  ignite  when  exposed  to  an  oxidizer  at  room  tempera¬ 
ture.  Although  this  is  a  difficult  problem  to  analyze  because  of  the  cooperative 
effort  between  the  particles  to  minimize  the  rate  of  heat  loss,  it  is  still  possible 
to  study  instead  the  effect  of  metal  sample  size  on  the  ignition  temperature  of  a 
single  particle.  Such  studies  have  indeed  been  made  on  this  pyrophoric  behavior  of 
metal  particles,  and  it  has  been  concluded  that  a  decrease  in  sample  size  generally 
results  in  a  decrease  in  ignition  temperature.  It  is  of  interest  here  to  attempt 
to  explain  this  phenomenon  in  terms  of  the  present  model  of  metal  ignition.  First, 
however,  an  overall  discussion  of  this  problem  seems  appropriate. 

In  order  for  a  metal  particle  to  be  able  to  first,  self-heat,  and  second,  self¬ 
heat  to  a  fairly  low  ignition  temperature,  it  is  necessary  that  the  total  heat  re¬ 
lease  increase  with'  respect  to  the  total  heat  loss  as  metal  particle  size  is  reduced. 
Now,  as  particle  size  decreases,  sample  surface  area  increases  with  respect  to  sample 
volume;  that  is,  the  ratio  of  surface  area  to  volume  of  the  sample  (S/V,  a  suitable 
size  index)  increases.  This  increase  in  S/V  is  indicative  of  a  relative  increase  in 
the  total  chemical  heat  release  with  respect  to  the  total  heat  capacity  of  the  fuel 
particxe.  Therefore,  pyrophoric  action  can  be  attributed  to  an  increase  in  the 
amount  of  free  surface  of  the  metal,  since  this  is  responsible  for  the  inability  of 
the  metal  particle  to  dissipate  its  heat  of  oxidation  rapidly  enough,  because  with 
more  surface  area  and  less  volume,  more  heat  is  liberated  that  cannot  be  dissipated 
by  the  metal  particle  itself. 

Of  course,  the  heat  of  oxidation  of  the  metal  will  be  greatly  reduced  by  a 
protective  oxide  coating  and  thus,  a  metal  with  a  low  transition  temperature  which 
in  all  probability  is  then  a  critical  temperature  controlled  metal  will  tend  to  be 
more  pyrophoric.  Of  these  critical  temperature  controlled  metals,  those  which  have 
the  highest  heat  of  reaction  with  the  oxidizer  in  the  atmosphere  of  interest  will 
retain  the  ability  to  burn  spontaneously  for  a  larger-sized  particle.  In  other  words, 
it  is  generally  true  that  for  an  oxygen  atmosphere,  the  higher  the  heat  of  formation 
of  the  metal  oxide,  the  more  pyrophoric  is  the  parent  metal  (27). 


TABLE  1 

HEATS  OF  FORMATION  OF  PREDOMINATING  METAL  OXIDES 


Oxide 

-*H298 

Oxide 

-*h2£98 

Ta2°5 

488.80 

SnOj 

142.01 

A12°3 

400.40 

SrO 

141.10 

V2°5 

381.96 

W°2 

140.94 

B2°3 

303.64 

Bi2°3 

139.00 

Th02 

293.20 

BaO 

133.50 

Cr2°3 

272.65 

ZnO 

83.25 

HfOj 

266.05 

FeO 

63.50 

Zr02 

2*1.50 

CdO 

62.20 

uo2 

259.20 

NiO 

57.30 

TiOj 

225.50 

CoO 

57.10 

SiOj 

217.50 

PbO 

50.39 

MoOj 

182.65 

CUjO 

41.80 

MgO 

143.70 

A920 

7.20 

BeO 

1<*3.10 

AUjOj 

0.80 

•Data  in  kcal/gmole  taken  from  Refs.  (21,25). 


Table  1  lists  the  heats  of  formation  of  the  predominant  metal  oxide  of  some 
metals  of  interest  in  order  of  decreasing  magnitude  of  their  heat  of  formation.  In 
general,  those  metals  which  are  known  to  be  pyrophoric  such  as  uranium,  zirconium, 
thorium,  and  vanadium  occur  at  the  head  of  the  list  while  metale  which  barely  oxidise 
such  as  silver  and  gold  indeed  are  at  the  end  of  this  table. 


19-11 


Now,  in  dealing  with  the  phenomenon  of  metal  pyrophoricity  in  terms  of  the 
model  developed  here,  it  is  necessary  to  ascertain  the  degree  of  influence  of  metal 
sample  size  (S/V)  on  the  critical  and  transition  temperatures.  Mellor  (12)  analyzed 
by  means  of  the  available  literature  the  influence  of  several  variables  on  the  latter 
and  found  that  although  the  transition  temperature  may  be  dependent  to  some  extent 
on  sample  purity  and  non- isothermal  conditions,  it  is  generally  independent  of  such 
things  as  surface  pretreatment,  experimental  environment,  sample  size  and  is  so 
postulated.  On  the  other  hand,  the  critical  temperature  may  be  a  strong  function  of 
some  of  these  environmental  factors  since  the  relative  values  of  A  .  and  4. 
could  change  with  these  parameters.  In  particular,  as  the  sample  life  decreases,  S/V 
increases  and  therefore  the  effect  of  heat  loss  will  decrease  since  the  main  heat 
loss  term,  the  conduction  heat  loss  into  the  sample,  will  decrease*.  Since  A  i® 
not  a  function  of  S/V  in  the  kinetic  regime  (Seo  Eqs.  1.2,4),  then  as  S/V  increases, 
the  critical  temperature  will  decrease,  thus  theoretically  making  it  possible  for  a 
metal  sample  to  self-heat  to  ignition  from  a  lower  value  of  the  initial  surface  tem¬ 
perature. 

Recall  that  it  has  been  pre’-^ously  postulated  that  a  met.al  has  its  ignition 
temperature  controlled  by  either  its  critical  or  transition  temperature  depending  on 
whether  T  . .  is  greater  than  or  less  than  TtranS‘  Since  the  transition  temperature 
is  here  aSiamed  to  be  independent  of  sample  size;  a  transition  temperature  controlled 
metal  is  postulated  to  have  its  ignition  temperature  independent  of  sample  size  even 
though  its  critical  temperature  is  not,  while  a  critical  temperature  controlled  metal 
has  both  its  critical  and  ignition  temperatures  decrease  with  a  decrease  in  metal 
sample  size**.  In  short  then,  metals  whose  ignition  is  controlled  by  T  ..  will  ex¬ 
perience  a  size  effect  while  metals  whose  ignition  is  controlled  by  T.  c  '"will  ex¬ 
perience  no  size  effect. 


It  is  interesting  to  note  that  as  a  sample  size  is  reduced,  and  thus  4.  is 
decreased,  the  metal-oxidizer  system  will  shift  from  a  critical  temperature  con¬ 
trolled  system  (Figure  3b)  to  the  appropriate  transition  temperature  controlled 
system  (Fig.  3c).  As  the  particle  size  is  further  decreased,  it  is  possible  as 
mentioned  in  the  previous  section  to  have  <Slosa  become  so  small  that  T  .  becomes 
less  than  T.  and,  therefore,  the  sample1*!?  self-heat  from  temperatures  below 
Ttr ans  to  eventual  ignition.  Indeed,  it  might  perhaps  be  possible  that  such  a  process 
occorsfor  a  transition  temperature  controlled  metal  of  bulk  size,  but  here  the  sudden 
increase  in  4ci,ern  T  is  usually  much  larger  and  the  ignition  temperature  is 

thus  maintain#ae3t  itscS8l$  value. 


When  the  size  of  a  metal  particle  has  decreased  to  the  point  where  the  system, 
which  was  critical  temperature  controlled  in  the  bulk  regime,  is  now  transition 
temperature  controlled,  any  further  decrease  in  sample  size  will  have  little  effect 
on  the  ignition  temperature,  as  in  any  transition  temperature  controlled  situation. 

In  other  words,  as  the  particle  size  decreases,  the  critical  temperature  will  con¬ 
tinue  to  decrease;  however,  the  ignition  temperature  will  never  become  less  than  the 
appropriate  transition  temperature  for  that  system. 

Turning  for  a  moment  to  the  bulk  regime,  it  is  postulated  that  once  the  sample 
reaches  a  certain  bulk  size,  in  reference  to  the  surface,  the  sample  volume  is  in¬ 
finite.  Thus,  the  q.  curve  will  tend  to  stabilize  and  consequently  the  critical 
and  ignition  temperatures  will  tend  to  remain  relatively  constant  with  further  in¬ 
creases  in  size. 

In  summary  then,  for  metals  whose  bulk  ignition  is  controlled  by  the  critical 
temperature,  the  ignition  temperature  will  decrease  with  decreasing  sample  size  due 
to  a  decrease  in  the  critical  temperature.  For  large  samples,  the  ignition  tempera¬ 
ture  is  equal  to  the  bulk  ignition  temperature;  in  this  regime,  the  critical  and 
ignition  temperatures  are  1  lat-icly  independent  of  size.  For  intermediate-sized 
samples,  the  critical  and  ignition  temperatures  will  decrease  with  decreasing  sample 
size  until  the  latter  nears  the  transition  temperature.  Upon  further  reduction  in 
sample  size,  the  critical  temperature  continues  to  decrease,  but  the  ignition  tem¬ 
perature  remains  relatively  constant  and  approaches  the  transition  temperature.  This 
then  is  the  problem  of  pyrophoricity,  where  a  small  particle  may  self-heat  to  the 
transition  temperature  and  thus  ignition,  but  where  a  larger  sample  is  not  allowed  to 
undergo  this  physical  procesa. 


*  Inspection  of  Eq. 
pendent  on  samples  size 
in  most  all  cases. 


(?)  for  shows  that  only  0  „  ,  „  and  A,  -  are  de- 

with  the  i8tt'»r  much  larger  sinS8nXL9is  muefi°SJt4er  than  k 


**  See  Mellor  (12)  for  a  mathematically  orientated  argument  that  outlines  the  in¬ 
fluence  ot  Tcfit  and  Ttr-n#  on  the  ignition  temperature. 
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One  of  the  more  notable  achievements  of  this  theory  is  the  prediction  of  the 
size  effect  as  demonstrated  by  Mellor  with  the  aid  of  an  induction  furnace  facility 
and  two  critical  temperature  controlled  metals,  magnesium  and  calcium  (12).  The  in¬ 
duction  furnace  accentuates  the  size  effect  since  it  heats  on  the  surface  of  the 
sample  as  is  done  in  the  model,  and,  thus,  makes  the  conduction  losses  into  the 
sample  very  important.  In  other  experimental  environments  where  the  metal  sample  is 
heated  uniformly,  it  is  expected  that  the  size  effect  will  be  diminished  if  the 
source  of  the  size  effect  has  been  correctly  assumed  to  be  the  conduction  heat  loss 
into  the  metal. 

Figs.  5  and  6  demonstrate  clearly  the  size  effect  in  various  oxidizing  atmo¬ 
spheres  at  300  torr  for  the  two  metals,  magnesium  and  calcium.  Unfortunately,  it 
was  not  possible  in  both  cases  to  obtain  metal  samples  with  a  larger  S/V  ratio  be¬ 
cause  of  the  difficulties  with  industrial  production  of  thin  sheets  of  such  metals 
(12).  However,  the  general  trend  can  be  seen  on  these  graphs  and  furthermore,  it 
appears  that  the  ignition  temperature  may  indeed  be  minimized  at  the  appropriate 
transition  temperature  for  the  metal  under  consideration. 

THE  VARIATION  OF  THE  TRANSITION  TEMPERATURE 

PREVIOUS  RESULTS  WITH  ALUMINUM  -  In  the  early  work  with  aluminum  at  Princeton, 
Brzustowski  (4,9)  found,  as  had  other  investigators,  that  the  ignition  temperature 
of  this  metal  in  oxygen-argon  atmospheres  was  very  close  to  the  melting  point  of  its 
oxide.  Brzustowski  also  noted,  however,  that  the  brightness  temperature  at  ignition 
for  anodized  aluminum  wires,  though  constant  from  20  atm.  to  1  atm.,  slowly  de¬ 
creased  from  total  pressures  of  300  torr  to  50  torr.  Although  Brzustowski  (4)  at¬ 
tributed  this  behavior  to  a  change  in  emissivity,  it  is  very  possible  that  the  ig¬ 
nition  temperature  of  aluminum  iecreases  with  decreasing  oxidizer  pressure  at  these 
lower  ambient  pressures.  Indeed,  Kuehl  (14)  later  found  that,  whereas  the  ignition 
temperature  of  aluminum  is  constant  at  the  oxide  melting  point  at  higher  pressures, 
for  pressures  lower  than  approximately  250  torr,  the  ignition  temperature  slowly  de¬ 
creases  with  decreasing  ambient  pressure. 

Since  aluminum  is  transition  temperature  controlled,  the  above  behavior  of  its 
ignition  temperature  may  logically  be  explained  via  some  mechanism  that  would  allow 
the  transition  temperature  to  decrease  with  decreasing  pressure  below  300  torr.  Such 
a  mechanism  has  been  proposed  by  Kuehl  (14)  and  is  depicted  on  the  pressure  vs.  tem¬ 
perature  plot  in  Fig.  7. 

The  normal  transition  temperature  for  aluminum  is  known  to  be  its  metal  oxide 
melting  point,  2042°C.  This  is  represented  by  the  straight  vertical  line  in  Fig.  7. 
Consider  now  the  vapor  pressure  curve  for  aluminum  metal;  from  Fig.  7,  it  can  be  seen 
that  the  oxide  melting  point  is  equal  to  the  metal  boiling  point  at  a  pressure  of 
about  700  torr.  Thus,  at  pressures  above  700  torr,  the  pressure  of  the  aluminum  vapor 
enclosed  by  the  oxide  coating  can  never  exceed  the  total  ambient  pressure  without 
having  the  temperature  of  the  sample  become  greater  than  the  melting  point  of  AljO,. 
Therefore,  at  pressures  greater  than  700  torr,  the  transition  (and  ignition)  tempera¬ 
ture  of  aluminum  is  postulated  to  be  the  melting  point  of  the  metal  oxide. 

For  ambient  pressures  below  700  torr,  the  vapor  pressure  of  aluminum  inside  the 
solid  oxide  shell  will  become  larger  than  the  outside  ambient  pressure  for  tempera¬ 
tures  greater  than  the  appropriate  boiling  point  of  aluminum  at  the  pressure  of  in¬ 
terest.  Thus,  it  is  not  possible  in  this  pressure  range  to  reach  the  oxide  melting 
point  without  causing  a  pressure  differential  across  the  oxide  shell.  Depending  on 
the  strength  of  the  oxide  layer  then,  it  is  possible  that  a  certain  pressure  differ¬ 
ential  may  break  the  oxide  coating  at  temperatures  below  the  melting  point  of  A1,03. 

If  the  oxide  coating  is  thin  and  weak,  but  impervioua  to  the  ambient  oxidizer,  then 
the  transition  (and  ignition)  temperature  below  700  torr  will  closely  follow  the  vapor 
pressure  curve.  On  the  other  hand,  if  the  oxide  coating  is  thick,  strong,  and  pro¬ 
tective,  aa  is  usually  the  caae  with  aluminum,  a  higher  than  ambient  metal  vapor 
preasure  will  be  needed  to  break  the  oxide  coating.  Therefore,  the  transition  tem¬ 
perature  for  pressures  below  700  torr  will  folow  a  path  similar  to  that  found  by 
Kuehl  (14)  as  depicted  by  the  lower  curve  in  Fig.  7*.  (Mote  that  a  pressure  drop 
from  700  to  250  torr  is  needed  in  the  case  of  aluminum  to  have  a  large  enough  prea¬ 
sure  differential  to  break  the  oxide  coat.) 

In  a urns  ary  then,  the  ignition  temperature  for  aluminum  is  postulated  to  be  con¬ 
trolled  by  the  oxide  melting  point  at  higher  pressures  and  the  metal  boiling  point  at 
lower  pressures.  However,  aluminum  still  remsins  completely  transition  temperature 
controlled  since  the  metal  boiling  point,  like  the  oxide  melting  point,  is  n  physical 


*  Notice  that  the  lower  curve  approaches  the  vapor  pressure  curve  at  very  low 
preasures.  This  is  to  be  expected  since  at  very  low  pressures,  the  oxide  shell  net- 
urally  becomes  thin  and  weak.  The  heavy  lines  in  Pig.  11  denote  the  transition  tem¬ 
perature  variation  for  both  a  strong  and  weak  oxide  shell. 
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property  of  the  metal-oxidizer  system  and  not  a  chemical  property,  dependent  on  the 
heating  characteristics  of  the  system.  Thus,  it  is  concluded  that  the  transition 
temperature  may  vary  considerably  with  the  pressure  when  the  metal  boiling  point 
interferes  with  the  natural  melting  process  of  the  oxide. 

Adding  even  more  credance  to  this  argument  is  the  fact  that  it  can  be  used  to 
explain  the  cylindrical  vapor-phase  flame  that  appears  upon  ignition  of  aluminum 
wires  in  carbon  dioxide-argon  atmospheres  at  pressures  below  300  torr  (14).  Earlier 
this  type  of  flame  was  explained  by  arguing  that  a  barrier  layer  of  Al-0,  exists 
which  melts  before  the  porous  outer  layer  of  oxide,  thus,  enabling  metal Jvapor  to 
escape  before  the  wire  breaks.  Although  this  process  may  have  a  part  in  establish¬ 
ing  the  vapor-phase  flame,  the  following  argument  seems  to  explain  the  observed 
phenomenon  much  more  appropriately. 

In  heating  the  wire,  the  pores  in  the  outer  layer  are  only  slightly  filled  by 
the  pre-ignition  oxidation  process  when  the  atmosphere  contains  CO_-Ar  mixtures.  At 
ambient  pressures  above  300  torr,  the  oxide  coat  must  melt  before  Ignition  can  occur 
and,  hence,  a  cylindrical  vapor-phase  flame  doe#  not  appear.  However,  at  pressures 
less  than  300  torr  (in  agreement  with  Fig.  7),  there  exists  a  large  enough  pressure 
differential  across  the  oxide  shell  to  break  the  coating  at  its  weakest  points, 
specifically,  near  large  poreB,  and  thus  allow  metal  vapor  to  escape  without  com¬ 
pletely  destroying  the  integrity  of  the  oxide  coat  and,  hence,  the  anodized  aluminum 
wire.  Consequently,  it  is  indeed  possible  to  observe  the  cylindrical  vapor-phase 
diffusion  flame  at  these  lower  pressures. 

THE  INVESTIGATION  OF  ZINC  (17,  -  Although  the  boiling  point  effect  as  described 
above  seems  to  bring  together  and  explain  various  results  with  aluminum,  only  Kuehl 
(14),  using  pyrometric  means,  has  offered  any  evidence  at  all  that  indeed  the  ig¬ 
nition  temperature  of  aluminum  at  low  pressures  is  controlled  by  a  variable  transi¬ 
tion  temperature  which  is  in  turn  controlled  by  the  metal  boiling  point.  The  fact 
that  the  ignition  temperature  of  aluminum  may  be  significantly  reduced  by  using  low 
pressures  could  be  very  useful  in  rocket  applications  (low  pressure  solid  rockets 
for  space  applications).  Therefore,  it  appears  to  be  very  important  to  determine  if 
this  phenomenon  really  does  occur  for  metals  such  as  aluminum. 

TABU  2 

FUNDAMENTAL  TEMPERATURES  OF  INTEREST  FOR  METALS* 


Metal 

Metal 

Oxide 

Metal 

Melting 

Point 

Metal 

Oxide 

Melting 

Point 

Metal 

Boiling 

Point 

Metal 

Oxide 

Boiling 

Point 

Transition 

Temperature 

Ba 

BaO 

710 

1923 

1527 

2000 

17 

Bi 

0i2°3 

271 

860 

1470 

1890 

- 

Ca 

CaO 

84  8 

2  580 

1240 

2850 

400 

Fe 

FeO 

1536 

1420 

2e72 

- 

1200 

Pb 

PbO 

328 

897 

1753 

1516 

550 

Mg 

MgO 

650 

2800 

1105 

3600 

450 

Mo 

MoOj 

2620 

795 

4507 

1155 

700 

Si 

SrO 

774 

2430 

1366 

3000 

- 

Sn 

Sn02 

232 

1127 

2260 

1850 

475 

Zn 

ZnO 

419 

1975 

907 

- 

700 

Co 

CoO 

1495 

193: 

3550 

- 

1350 

Cu 

CUjO 

1033 

1235 

2595 

- 

1000 

Ti 

TiOj 

1677 

1855 

3277 

2750 

850 

W 

wo2 

3410 

1580 

5900 

- 

1000 

Zr 

ZrOj 

1855 

2677 

4474 

4300 

1300 

*  Taken 

and  extrapolated 

from  Refs, 

(12,21,23. 

74,25,26,27); 

given  in  °C. 

Boiling  points 

are  for 

atmospheric  pressure 

(760  torr). 

Unfortunately,  direct  temperature  measurements  of  bulk  aluminum  in  the  induc¬ 
tion  furnace  at  Princeton  was  not  possible.  Consequently,  it  was  though  that  perhaps 
some  other  meta)  might  be  found  which  wo. OJ  also  demonstrate  this  behavior  at  lower 
pressures.  By  using  existing  date  to  ignition  temperatures  and  boiling  points,  and 
the  data  in  Table  2,  tine  was  chosen  as  perhaps  having  a  transition  temperature  con¬ 
trolled  by  a  protective  oxide  layer,  and  that  at  lower  pressures,  its  ignition  tem- 
persture  would  be  controlled  by  its  boiling  point.  Laurendeau  (17)  obtained  datt 
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using  the  Princeton  induction  furnace  facility  and  the  data  appeared  to  bear  out 
these  original  suppositions.  Table  3  lists  the  measured  ignition  temperatures  of 
zinc  to  the  nearest  five  degrees. 


TABLE  3 

IGNITION  TEMFERATURES  FOR  ZINC  METAL 

Ignition  Average  Ignition 

Pressure  Temperature  (°C)  Temperature  (°c) 


200  torr 

785 

790+5 

795 

300  torr 

815 

840+30 

835 

(830+15 

840 

880 

1  atm 

895 

905+15 

905 

920 

3  atm 

1035 

1040+5 

1040 

1045 

5  atm 

1090 

1135+35 

1095 

(1095+5 

1140 

1150 

1160 

1165 

7.5  atm 

1160 

3165+5 

1170 

10  atm 

1140 

1160+20 

1175 

12.5  atm 

1185 

- 

15  atm 

1290 

- 

In  order  to  ascertain  the  validity  of  the  boiling  point  effect,  it  is  neces¬ 
sary  to  compare  the  average  ignition  temperature  at  each  pressure  to  the  boiling 
point  of  zinc  at  these  pressures.  The  vapor  pressure  curve  for  zinc  metal,  as  taken 
and  extrapolated  from  Refs.  (28,35  and  36)  is  shown  in  Fig.  8.  The  data  are  not 
plotted  as  a  lnp  vs.  1/T  to  accentuate  the  constantcy  of  the  ignition  temperature 
above  5  atm.  Note  the  near  perfect  correlation  of  the  average  ignition  temperature 
at  each  pressure  up  to  7.5  atm  with  the  boiling  point  of  zinc.  This  indicates  that 
zinc  oxide  is  in  all  probability  a  protective  oxide,  but  that  it  is  thin  and  weak, 
and  therefore  only  a  slight  pressure  differential  is  needed  to  break  the  oxidu  shell. 
In  order  to  see  this  point  better,  it  is  of  interest  to  look  closer  at  the  data 
listed  in  Table  3. 

At  the  lower  pressures,  especially  at  200  torr,  1  atm,  and  3  atm,  there  is  al¬ 
most  perfect  correlation  with  the  zinc  boiling  point  (At  760  torr,  Table  2  gives 
907°C  as  the  boiling  point  of  zinc,  for  example.).  However,  at  300  torr,  there  is  a 
first  indication  that  the  oxide  coat  may  at  times  require  a  sizeable  pressure  dif¬ 
ferential  before  it  will  crack.  Nevertheless,  in  most  cases  at  this  pressure,  the 
ignition  temperature  closely  follows  the  vapor  pressure  curve  as  can  be  seen  by  com¬ 
paring  the  average  of  the  three  lower  experimental  points  (the  average  ignition  tem¬ 
perature  in  parentheses)  to  the  boiling  point  of  zinc  at  300  torr.  A  similar  be¬ 
havior  is  noted  at  5  atm,  but  here  the  majority  of  the  data  points  indicates  that  a 
higher  pressure  gives  rise  to  a  stronger  oxide  coat  that,  in  general,  remains  pro¬ 
tective  until  1150cC.  When,  for  some  reason,  a  certain  oxide  shell  is  unprotective 
at  this  pressure,  an  ignition  temperature  comparable  to  the  zinc  boiling  point  at 
5  atm  (  o/H00°C)  is  obtained. 

For  those  runs  at  300  torr  and  5  atm  where  the  oxide  shell  is  protective  to 
a  higher  temperature  than  the  corresponding  metal  boiling  point,  zinc  metal  scraps 
are  usually  found  attached  to  the  sides  of  the  pressure  vessel  after  the  run  has 
been  completed.  This  indicates  that,  the  ignition  process  here  was  “explosive"  in  the 
sense  that  the  large  preesurc  differential  across  the  oxide  shell  caused  a  spewing 
out  of  sine  metal  upon  breaking  of  the  oxide  coating  just  before  ignition  occurred. 

In  addition,  the  temperature  traces  for  these  particular  runs  a.'ow  that  immediately 
upon  ignition,  the  molten  zinc  metal  almost  inr+.antaneously  drops  in  temperature  to 
the  appropriate  metal  boiling  point.  These  particular  experimental  finding**  again 
seem  to  indicate  that  the  zinc  oxide  shell  is  indeed  protective  to  fairly  high  tem¬ 
peratures. 

At  higher  pressures,  the  reaction  is  of  course  very  rapid  and.  at  times,  the 
metal  is  almost  completely  consumed  before  the  metal  fire  can  be  extinguished.  At 
both  7.5  ar.d  10  atm,  the  ignition  temperature  is  near  1160°C.  This  corresponds  to 
the  zinc  boiling  point  at  7.5  atm,  but  to  a  temperature  lower  than  the  metal  boiling 
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at  10  atm.  It  appears  then  that  the  protective0qualltles  of  the  oxide  coat  are 
experimentally  beginning  to  level  off  near  1150  C.  Thermal  cxidation  data  indicates 
that  the  zinc  transition  temperature  is  greater  than  700°C;  the  present  results  in¬ 
crease  the  maximum  value  of  the  transition  temperature  to  1150°C  or  perhaps  higher. 
This,  however,  is  still  significantly  less  than  the  melting  point  of  ZnO  at  1975°C 
(See  Table  4). 


The  experimental  data  at  12.5  and  15  atm  are  not  plotted  in  Fig.  8  because 
there  is  some  doubt  as  to  the  significance  of  these  results.  At  both  of  these  pres¬ 
sures,  the  reaction  is  almost  instantaneous  and  very  explosive  in  the  sense  de¬ 
scribed  above.  At  15  atm,  there  was  a  sudden  flash  of  light  and  no  more;  however, 
reaction  had  occurred  since  there  was  a  thick  layer  of  zinc  oxide  particles  covering 
the  entire  inner  surface  of  the  pressure  vessel.  At  12.5  atm,  there  was  no  flash, 
but  the  furnace  automatically  shut  down  when  thr-  metal  explosion  occurred  due  to  a 
short  circuit  across  the  work  coil  caused  by  the  flying  zinc  metal.  (This  also 
happened  at  15  atm.).  After  a  few  seconds,  light  appeared  from  the  remaining  portion 
of  the  sample  and  reaction  then  proceeded. 

Because  of  the  extremely  vigorous  reaction  and  the  imminent  danger  that  it  posed 
to  the  work  coil,  only  one  run  was  made  at  each  of  these  pressures.  However,  even 
these  very  scanty  data  perhaps  indicate  that  at  higher  pressures,  the  oxide  coat  be¬ 
comes  much  thicker,  leading  to  either  the  possibility  of  early  cracking  of  the  oxide 
layer  or  the  presence  of  an  extremely  strong  oxide  shell  which  causes  the  transition 
temperature  to  increase  with  increasing  pressure,  the  above  statement,  however,  is 
to  be  considered  ver  ■  hypothetical  in  light  of  the  lack  of  data  supporting  it*. 


The  experimental  investigation  of  the  ignition  temperatures  of  bulk  zinc  shews 
that,  in  general,  the  ignition  temperature  of  zinc  increases  with  increasing  pressure 
in  almost  perfect  correlation  with  its  boiling  point  at  the  respective  pressures  in¬ 
volved.  Because  the  ignition  temperature  may  be  greater  than  the  metal  boiling  point, 
and  the  range  of  ignition  temperatures  is  very  large,  it  would  appear  that  the  oxide 
is  protective  to  some  high  temperature,  although  not  to  the  oxide  melting  point  as 
for  aluminum**.  Indeed  the  maximum  transition  temperature,  over  the  observable  pres¬ 
sure  range  investigated  here,  appears  to  be  near  1150°C,  much  less  tnan  the  maximum 
possible  transition  temperature  for  zinc  at  the  melting  point  of  ZnO  (1975°C) .  This 
maximum  transition  temperature  (1150°C)  denotes  the  end  of  the  control  of  T tranB  by 
the  boiling  point  and  the  beginning  of  the  control  of  T.  by  the  physicnIrcRarac- 
teristics  of  the  zinc  oxide  coat  as  determined  by  the  15&arBmperature  oxidation  pro¬ 
cess  prevalent  in  all  metals. 


Assuming  that  1150°C  is  indeed  the  maximum  transition  temperature  for  zinc***, 
then  below  the  vapor  pressure  at  1150°C  (7.5  atm),  the  boiling  point  of  zinc  will 
control  the  transition  and  thus  the  ignition  temperatures.  However,  the  oxide  coat 
for  zinc,  although  impervious,  is  thin  and  weak;  therefore,  the  ignition  tempera¬ 
ture  will  follow  the  vapor  pressure  curve  instead  of  a  curve  similar  to  the  lower 
curve  for  aluminum  below  700  torr  as  depicted  in  Fig.  7.  At  very  low  pressures,  both 
aluminum  and  zinc  will  follow  their  vapor  pressure  curves  since  very  little  oxidation 
takes  place  at  these  pressures  and  thus  the  aluminum  oxide  coat  also  becomes  thin  and 
weak.  At  pressures  above  7.5  atm,  the  ignition  and  transition  temperatures  are  here 
assumed  to  be  constant  at  near  1150°C. 


The  overall  results  of  the  zinc  investigation  show  then  that  a  transition  tem¬ 
perature  controlled  metal  can  have  its  ignition  temperature  controlled  by  its  boiling 
point  for  a  certain  range  of  low  pressures,  thus,  for  metals  like  zinc  and  aluminum, 
the  transition  temperature  is  not  necessarily  a  constant  but  may  be  a  strong  function 
of  pressure  if  the  boiling  point  becomes  the  controlling  influence  in  the  ignition 
process.  Consequently,  although  not  common  to  most  metals,  the  boiling  point  effect 
is  indeed  a  proven  influencing  facto;  that  very  clearly  explains  the  previously  ob¬ 
served  lowering  of  the  ignition  temperature  and  the  cylindrical  vapor-phase  diffusion 
flame  below  sOO  torr  in  early  experiments!  work  with  aluminum  metal. 


*  In  fact,  due  to  the  explosive  nature  of  these  reactions,  it  may  be  possible  that 
the  AljC.  crucible  perhaps  acted  as  a  catalytic  agent  or  even  entered  into  the  re¬ 
action;  JIhere  is,  however,  no  evidence  for  or  against  this  hypothesis. 

**  If  this  were  true,  the  ignition  temperature  would  continue  to  rise  until  the 
ambient  pressure  increased  over  280  atm  at  which  pressure,  the  boiling  point  is  equal 
to  the  melting  point  of  the  oxide  (197S°C).  This  is  highly  unlikely  based  on  the  high 
pressure  results  obtained  in  the  present  Investigation. 


***  Any  other  assumption  for  the  maximum  transition  temperature  will  net  change  the 
reaeoning  in  the  argument  outlined  here.  Thus.  1H0°C  corresponds  to  the  melting 
point  of  Al}0.  at  2042°C  shown  in  Fig.  7.  However.  1150°C  ie  not  the  melting  point 
of  Zi«0,  but  instead  represent*  the  eimple  physical  feilure  of  the  oxide  leyer  to  pro¬ 
tect  the  metel  eubstrate.  this  phenomenon,  ai  for  ell  other  metale,  is  character.’ zed 
end  defined  by  the  transition  temperature. 
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FLAME  MODELS* 

In  this  section  the  various  models  that  have  been  presented  in  the  literature 
to  represent  the  flame  structure  of  metal-oxygen  diffusion  flames  will  be  reviewed. 
Attention  is  focused  strictly  on  those  metals  which  burn  in  the  vapor  phase. 

The  evidence  to  support  the  proposed  models  varies  significantly.  In  some 
cases  visual  observation  alone  is  the  sole  criterion  suggesting  a  flame  model.  Burn¬ 
ing  rate  calculations  performed  under  the  guidelines  of  this  postulated  model  are 
then  compared  with  experimentally  determined  burning  rates  to  judge  the  validity  of 
the  model.  Other  models  result  from  more  complete  experimental  determinations  in¬ 
cluding  such  diagnostic  measurements  as  optical  spectroscopy,  electron  microscopy 
and  x-ray  diffraction  studies  of  the  combustion  products,  quench  studies  of  metal 
particles  in  all  stages  of  combustion,  and  determination  of  kinetic  rate  constants. 

No  effort  is  made  to  describe  the  methods  of  making  burning  rate  calculations.  Such 
methods  are  described  adequately  in  Ref.  (4).  The  important  aspect  of  the  problem  is 
to  establish  the  proper  flame  model. 

It  should  be  pointed  out  that  unknown  or  uncertain  high  temperature  values  for 
many  of  the  parameters  required  in  order  to  be  able  to  perform  an  analytical  calcu¬ 
lation  of  a  burning'  rate,  preclude  the  possibility  of  definitely  establishing  one 
flame  model  as  correct  on  the  basis  of  comparing  calculated  and  measured  burning 
rates.  In  the  same  manner  it  has  not  been  possible  to  assess  critically  the  various 
assumptions  that  have  been  made  in  all  of  these  admittedly  idealized  and  simplified 
models . 


FINITE  REACTION  ZCiE  MODEL  DUE  TO  COFFIN  -  The  earliest  of  these  models  is  due 
to  Coffin  (9).  In  his  experiments  Coffin  studied  the  burning  of  magnesium  ribbons 
in  various  mixtures  of  oxygen  with  argon,  nitrogen,  helium  and  argon-water  vapor. 

His  evidence  indicated  a  vapor  phase  reaction  for  magnesium  combustion  bearing  some 
analogy  to  the  combustion  of  liquid  fuel  drops.  However,  the  model  generally  used 
for  liquel  droplets,  was  not  used  by  Coffin.  Instead  of  this  "collapsed  flame  front" 
model,  a  finite  thickness  for  the  react:  .  zone  was  adopted.  Coffin's  model  is 
illustrated  in  Figure  9. 

In  this  cylindrical  model,  tnere  are  three  concentric  zones.  The  inner  zone  AB 
contains  only  the  metal  vapor  and  the  inert  diluent.  Metal,  which  is  vaporized  at 
the  fuel  surface  by  the  heat  conducted  back  from  the  reaction  zone,  diffuses  from  the 
ribbon  surface  at  A,  where  it  is  at  a  temperature  close  to  the  boiling  p>  Int  of  the 
m?tal,  to  the  reaction  zone  which  starts  at  B.  The  reaction  zone  was  considered  to 
be  at  the  boiling  point  of  the  magnesium  oxide,  as  had  been  suggested  by  experimental 
flame  temperature  measurements  (28,29).  It  was  also  believed  that  the  oxide  dissoci¬ 
ated  almost  completely  upon  vaporization  (30). 

The  reaction  zone  BB'  thus  consisted  of  a  mixture  of  magnesium  vapor,  oxygen 
and  condensed  oxide  at  the  boiling  point  of  the  metal  oxide  in  a  stagnant  film  of 
inert  gas.  It  was  assumed  that  chemical  equilibrium  existed  among  the  species  in 
this  zone. 

The  third  zone  B'C  is  the  zone  through  which  oxidizer  diffuses  from  the  sur¬ 
roundings  to  the  constant  temperature  reaction  zone.  The  oxygen  is  heated  from  the 
ambient  temperature  of  the  surroundings  to  the  flame  temperature  as  it  diffuses  in¬ 
ward.  The  condensed  oxide  from  the  reaction  zone  cools  as  it  moves  outward  from  the 
reaction  zone  through  the  zone  B'C. 

Idealized  assumptions  which  were  made  for  this  model  were  as  follows:  free 
ronvoction  was  ignored;  the  pressure  was  considered  to  be  1  atmosphere  throughout  the 
system;  the  inert  gas  was  considered  as  a  stagnant  film  throughout  the  system. 

L1Q  JJV  OXIDE  BUBBLE  MODEL  DUE  TO  FAS SELL  AND  CO-WORKERS  -  A  second  model  for 
the  combustion  of  metal  particles  has  been  proposed  by  Fassell  and  co-workers  (11,32). 
Although  these  authors  indicated  that  the  gae  phase  spherical  diffusion  flame  theory 
adequately  accounted  for  the  combustion  of  magnesium,  they  suggested  that  higher 
boiling  metals  did  not  burn  in  conformity  with  this  model.  A  particular  cast  of  this 
latter  category  of  metals  wee  aluminum.  In  the  experiments  of  Fsseell  st  si,  alumi¬ 
num  and  various  aluminum-magnesium  alloy  particles  were  burned  in  two  ))  iterant  types 
of  torches  in  either  methane-oxygen  mixtures,  or  a  combination  of  fsethans,  oxygen  and 
air. 


Visual  observations,  high  speed  photographic  measurements  and  detailed  obser¬ 
vations  including  x-ray  diffraction  of  the  combustion  products  evggesteo  to  these 
workers  that  the  diffusion  flame  model  which  had  apparently  been  successfully  applied 
to  the  combustion  of  magnesium,  did  not  in  fact  represent  the  c«a«>  of  aluminum  cut* 
bust Ion.  Based  largely  on  the  appearance  of  the  combustion  product*.  Fassell  at  si 
proposed  the  model  which  is  depicted  schematically  in  Figure  10. 

*  ftis  section  is  extracted  almost  in  its  entirety  from  Fh.D.  thesis  of  Sullivsn. 
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A  continuous  layer  of  molten  oxide  covers  the  metal  droplet.  The  evaporating 
metal  from  the  droplet,  which  is  considered  >:o  be  at  its  boiling  point,  causes  the 
molten  oxide  layer  to  form  a  bubble.  The  limiting  step  to  further  reaction  is  con¬ 
sidered  to  be  diffusion,  through  this  molten  oxide  layer,  of  either  metal  vapor 
diffusing  outward,  or  oxygen  diffusing  inward.  Reaction  is  considered  to  take  place 
at  the  liquid  oxide  interface.  The  authors  considered  the  possibility  of  the  molten 
oxide  bubble  exceeding  a  critical  size  and  bursting,  thus  scattering  fragments  of 
both  oxide  and  freshly  exposed  metal. 

It  was  thought  that  this  model  provided  the  explanation  of  the  numerous  hollow 
oxide  spheres  present  in  the  combustion  products.  It  also  satisfied  one  of  the 
difficulties  which  arose  from  the  x-ray  diffraction  studies,  namely  the  appearance  of 
species  such  as  MgAl»0,  which  would  nwt  be  thought  likely  to  occur  in  a  vapor  phase 
diffusion  flame. 

COLLAPSED  REACTION  ZONE  MODEL  DUE  TO  BRZUSTOWSKI  AND  GLASSMAN  -The  first  model 
c ijj  to  Coffin  subsequently  came  under  criticism  by  Brzustowski  and  Glassman  (9).  In 
addition  to  certain  facets  which  they  felt  had  to  be  included  in  the  analytical  model 
(thermal  radiation  from  the  flame  front  to  the  surroundings  and  to  the  droplet  sur¬ 
face;  diffusion  of  oxygen  toward  the  flame  front  being  affected  by  the  condensed 
product),  they  stated  that  the  thick  reaction  zone  used  by  Coffin  predicted  a  flame 
structure  "notably  different"  from  observed  flames.  Coffin's  contribution  was  felt 
to  be  the  comparison  of  the  diffusion  flames  of  metals  and  of  hydrocarbons.  This 
comparison  of  the  diffusion  flames  of  metals  and  of  hydrocarbons.  This  comparison 
was  the  basis  on  which  Brzustowski  and  Glassman  proceeded  to  develop  a  flame  model 
which  is  outlined  below. 

The  analysis  was  based  on  uhe  theory  developed  to  describe  the  combustion  of 
hydrocarbon  droplets,  namely  the  collapsed  flame  front  model  depicted  in  Figure  11, 
but  was  modified  to  account  for  .specific  characteristics  pertaining  to  metal  com¬ 
bustion.  These  particular  features  are  presented  below; 

(1)  The  flame  temperature  will  be  fixed  at  the  boiling  point  of  the  oxide. 

Some  oxide  will  always  form  in  the  condensed  state.  (Coffin's  model  was  a  particular 
case  of  this  general  statement.  Bis  model  was  specifically  for  magnesium.) 

(2)  The  presence  of  the  condensed  oxide  products  will  affect  the  diffusion  of 
oxygen  to  the  reaction  zone.  Movement  of  these  solid  or  liquid  products  must  occur 
due  to  bulk  motion  of  gaseous  species  since  they  cannot  d  ffuse. 

(3)  Thermal  radiation  will  probably  be  an  important  consideration  because  of 
the  existence  of  these  condensed  species  in  ^hc  high  temperature  regions  of  the  flame. 
It  can  possibly  result  in  higher  evaporation  rates  for  the  fuel  due  to  an  increased 
heat  feedback,  but  it  can  alec  lead  to  significant  losses  to  the  surroundings. 

(4)  In  the  case  of  mei.al  combustion,  evaporation  rates  of  the  fuel  may  net  be 
fast  compared  to  diffusional  processes. 

With  the  above  considerations  in  mind,  the  collapsed  flane  zone  model  of  Figure 
11  becomes  the  metal  combustion  model  proposed  by  Brzustowski  and  Glassman.  Heat 
feedback  (due  to  both  conduction  and  radiation)  from  the  thin  flame  front  B,  evap¬ 
orates  metal  from  the  fuel  surface  at  A.  This  metal  vapor,  at  a  temperature  which 
may  be  several  hundred  degreea  lower  than  the  metal  loi^ng  point,  diffuses  through 
the  stagnant  film  AB  toward  the  high  temperature  flame  front  at  B. 

Oxidizer  from  the  surroundings  diffuses  toward  the  flame  frent  through  the  film 
BC.  TL J  a  diffusion  of  the  oxidizer  is  opposed  by  the  outward  movement  of  ccmhuitton 
products  whi.'h  ware  formed  in  the  thin  flame  front  at  B.  Heat  is  conducted  and  radi¬ 
ated  to  the  surroundings  through  this  film  BC. 

As  in  the  case  of  the  earlier  model  of  coffin,  idealisations  considered  in  this 
model  include  uniform  pressures  throughout  the  system,  and  a  system  steady  in  time. 

It  was  assumed  that  combustion  products  did  not  diffuse  back  to  the  fuel  surface 
through  the  film  AB,  but  that  all  products  diffused  through  the  film  BC  to  the  sur¬ 
roundings.  This  last  assumption  was  justified  in  part  by  the  observation  of 
Brzustowski  that  although  oxide  was  observed  on  the  wire  surface  (probably  from  back 
diffusion  of  the  products)  it  did  not  appear  to  have  an  appreciable  effect  on  the 
observed  burning  mechanism,  as  will  be  pointed  out  later  in  this  chapter,  more  recent 
experimental  work  of  other  investigators  does  not  support  this  assumption  of  no  back 
diffusion  of  the  combustion  products. 

An  important  feature  of  the  Brzuetovski-Olassman  model  is  the  attention  paid  to 
the  condensed  oxide  products.  Condensed  oxide  particles  can  be  transported  out  of 
the  flame  zone  only  if  a  bulk  outward  gas  velocity  exists  in  the  zone  BC.  The  dif¬ 
fusion  equation  for  this  zone  gives  the  conditions  under  tdtich  such  a  bulk  velocity 
can  be  achieved. 
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A  parameter  is  defined  as  the  fraction  of  the  condensed  oxide  product 

that  is  vaporized.  This  parameter  is  a  function  of  the  flame  radius  when  there  is 
dissociation  in  the  flame  zone  and  subsequent  recombination  in  the  zone  BC.  The 
result,  derived  analytically  by  Brzustowski,  illustrates  that  an  outward  bulk  ve¬ 
locity  in  the  zone  BC  occurs  when  more  than  one  mole  of  gaseous  products  is  formed 
for  every  mole  of  oxidizer  participating  in  the  reaction. 

Ir.  the  reaction  zone  itself,  the  degree  of  dissociation  of  the  oxide  varies 
according  to  the  balance  between  heat  liberated  in  the  reaction  and  heat  radiated  or 
conducted  to  the  surroundings.  If  heat  losses  are  large  enough,  it  would  be  ex¬ 
pected  that  condensed  oxide  deposits  would  appear  in  the  flame  front  itself. 

It  has  sometimes  been  incorrectly  statsc  in  the  literature  that  a  collapsed 
reaction  zone  assumption  would  define  zero  concentrations  for  the  reacting  species 
at  the  flame  front.  Brzustowski  (4)  points  out  th.;  correct  definition  of  a  collapsed 

flame  front  as  follows:  ’’ .  to  a  desired  degree  of  accuracy,  the  dimensions  of 

the  reaction  zone  and  the  changes  in  reactant  concentrations  through  it  are  small 
with  respect  to  the  dimensions  and  concentration  differences  involved  in  the  dif¬ 
fusion  processes." 

Brzust-'wski  found  Coffin's  thick  flame  zone  model  unacceptable  because,  firstly, 
it  assumed  U<at  no  gaseous  oxide  was  present  because  of  complete  dissociation, 
whereas  spectroscopic  observations  showed  significant  oxide  vapor  radiation  and, 
secondly,  Brzustowski1 s  interpretation  of  nis  fljne  photographs  showed  an  entirely 
different  structure.  Over  a  large  pressure  range  from  50  torr  to  12  atmospheres  the 
bright  flame  zone  thickness  was  small  in  comparison  with  the  dimension  between  the 
metal  surface  and  the  flame  front. 

EXTENSIONS  OF  THE  BRZUSTOWSKI-GLASSMAN  MODEL  DUE  TO  KNIPE  -  In  a  survey  paper 
on  aluminum  particle  combustion  by  Christensen,  Knipe  and  Gordon  (6),  a  critical  dis¬ 
cussion  of  aluminum  particle  combustion  models  was  presented.  The  two  models  dis¬ 
cussed  were  the  models  due  to  Fassell  et  al  and  the  Brzustowski-Glassman  model  dis¬ 
cussed  in  the  previous  two  sections  of  this  chapter. 

One  of  the  criticisms  of  the  model  of  Fassell  and  co-workers  is  that  the  postu¬ 
lated  rate-controlling  step  of  diffusion  through  the  oxide  shell  must  be  accepted 
with  some  caution  because  of  considerable  uncertainty  about  the  magnitude  of  this 
diffusion  rate.  This  model  does  take  into  account  the  normal  metal  oxide  coating 
which  exists  on  the  metal  particle  prior  to  ignition,  but  the  bubble  of  oxide  which 
is  proposed  may  be  unstable. 

A  criticism  of  the  Brzustowski-Glassman  model  is  that  it  does  not  explain  the 
fate  of  the  normal  oxide  coating  which  exists  on  the  metal  surface.  A  suggestion  is 
that  the  oxide  may  accumulate  in  oua  area  giving  rise  to  a  metal  sphere  with  an 
agglomerated  oxide  cap.  The  basis  for  this  suggestion  comes  from  observations  of 
such  metal-oxide  configurations  in  quench  studies.  However,  this  is  then  a  con¬ 
siderable  departure  from  the  idealized  one-dimensional,  spherically  symmetric  model 
of  Brzustowski  and  Glassman. 

Another  criticism  of  this  model  is  the  treatment  of  dissociation  fragments  in 
the  reaction  zone.  Allowing  for  the  ftet  that  their  precise  nature  is  not  known, 
aluminum  and  oxygen  atoms  are  the  major  fragments  of  dissociation  of  the  oxide. 

Since  the  reaction  zone  is  at  a  high  temperature,  it  is  expected  that  a  heterogeneous 
reaction  will  be  mere  likely  than  vapor-phase  reaction  to  gaseous  oxides,  and  a:  a 
consequence  ths  conditions  favorable  to  the  nucleaticn  of  the  condensed  oxide  may 
play  some  role  in  detarmining  the  location  of  the  reaction  zone. 

Christensen  et  al  conclude  from  thiB  survey  of  combustion  models  that  the 
Brzustoweki-Uleesman  model  does  describe  tne  gross  features  of  aluminum  particle  com¬ 
bustion  but  that  there  are  significant  feature*  not  contained  in  the  idealized  model. 
Aa  a  consequence,  Knipe  (6)  sought  to  extend  the  Br zuetowski-Glaasman  model  as  is 
indicated  below. 

The  Brauatovski-Glaaeman  model  doe#  indicate  the  conditions  under  which  con¬ 
densed  oxide  may  build  up  -n  the  reaction  zone.  Knipe  suggests  that  this  fact  should 
raise  strong  questions  about  the  applicability  of  a  ateady  state  approximation 
especially  in  view  of  the  many  atatemants  in  the  literature  suggesting  that,  because 
of  the  condensed  nature  of  the  products,  radiation  will  be  an  important  heat  trnas- 
fer  mechanism  in  metal  flames.  As  printed  out  previously,  Knipe  alao  proposes  that 
the  principle  reaction  path  will  be  via  heterogeneous  processes  on  the  condensed 
oxide  within  the  reaction  zone.  It  is  also  stated  that  the  zone  of  condensed  oxide 
particles  has  been  observed  experimentally  to  possess  considerable  thickness.  This 
is  i  plausible  observation  for  such  a  proposed  heterogeneous  reaction  zone  since 
dissipation  of  heat,  which  occurs  most  efficiently  at  the  edges  of  this  thick  zone, 
signiricantly  affects  the  progress  of  the  reaction. 


19-19 


In  the  Brzustowski-Glassman  model,  back-diffusion  of  the  gaseous  combustion 
products  to  the  metal  surface  was  assumed  not  to  take  place.  However,  experimental 
observations  of  Prentice  (33)  showed  that  significant  amounts  of  oxide  did  build 
up  on  the  metal  surface  during  combustion,  indicating  that  oxygen-containing  species 
were  present  in  the  region  between  the  metal  particle  and  the  flame  front. 

Figure  12  is  an  attempt  to  represent  schematically  the  model  which  Knipe  pro¬ 
poses. 

This  model  is  characterized  by  a  heterogeneous  reaction  zone  of  appreciable 
thickness  which  probably  extends  in  both  directions  with  time  as  mentioned  previously. 
A  narrow  nucleation  zone  is  expected  to  exist  between  the  reaction  zone  and  a  po¬ 
sition  where  the  inward-diffusing  oxygen-containing  species  (both  evaporation 
products  and  partially  reacted  species)  make  up  a  saturated  vapor  relative  to  con¬ 
densation.  A  second  nucleation  zone  is  proposed  on  the  oxidizer  side  of  the  re¬ 
action  zone. 

Note  that  the  importance  of  recognizing  the  back  diffusion  of  gaseous  com¬ 
bustion  products  is  of  more  significance  than  merely  explaining  some  of  the  features 
attributed  to  a  non-symmetrical  burning  configuration  (e.g.,  particle  spinning). 
Condensation  of  oxide  on  the  metal  surface  would  be  an  appreciable  heat  transfer 
mechanism  operating  between  the  reaction  zone  and  the  particle  surface  since  much  of 
the  heat  of  reaction  is  in  the  heat  of  condensation. 

HETEROGENEOUS  REACTION  MODEL  DUE  TO  MARKSTEIN  -  Markstein  (34),  although  he  has 
not  set  out  a  specific  flame  model,  has  discussed  vapor-phase  burning  of  metals  and 
has  contributed  significantly  to  the  problem  of  whether  or  not  heterogeneous  reaction 
or  homogeneous  reaction  dominates  metal  combustion,  in  particular  in  the  case  of 
magnesium. 

Figure  13  is  reproduced  from  Marks tein's  paper  (34)  and  represents  a  schematic 
representation  of  most  of  the  processes  that  might  possibly  play  a  role  in  vapor- 
phase  combustion. 

Markstein  states  that  heterogeneous  reaction  on  the  metal  surface  is  not  likely 
a  significant  process  once  the  vapor  phase  flame  is  fully  developed.  This  statement 
is  reflected  in  the  schematic  by  the  dashed  lines  used  to  depict  this  process. 

Back  diffusion  of  oxide  vapor  is  also  expected  to  be  significant  as  evidenced 
by  a  consideration  of  the  experimental  evidence  of  Macek  (35). 

Markstein  agrees  that  the  question  of  heterogeneous  versus  homogeneous  re¬ 
action  is  far  from  settled  and,  thus  far  has  been  an  area  of  speculation  and  con¬ 
troversy.  In  an  earlier  work  (36)  Markstein  seems  to  have  demonstrated  the  strong 
role  played  by  heterogeneous  reactions  in  low  pressure  dilute  magnesium-oxygen 
flames.  In  these  experiments  magnesium  vapor  was  carried  in  an  inert  carrier  gas 
(Argon).  The  mixture  of  magnesium  and  argon  carrier  gas  entered  the  stagnant  oxygen- 
argon  atmosphere  of  the  combustion  chamber  through  an  orifice.  Total  pressures 
ranged  from  about  2  to  10  torr.  The  spectra  of  the  resulting  flame  showed  no  line 
and  band  radiation  at  all,  wut  instead  consisted  of  continuum  radiation  with  several 
maxima.  In  addition,  it  was  observed  that  oxide  growths  were  present  near  the  ori¬ 
fice.  The  luminescence  of  these  oxide  growths  was  also  characterized  by  a  broad 
maximum  in  the  blue  closely  resembling  that  of  the  dilute  flame  spectrum.  Markstein 
suggested  that  the  reaction  path  was  following  a  heterogeneous  route.  Recent  work 
of  Markstein  (34,37,38)  has  been  an  attempt  to  determine  rate  constants  for  this 
proposed  heterogeneous  reaction  and  to  obtain  further  experimental  evidence  to 
elucidate  details  of  the  mechanism. 

Markstein  is  cautious  about  the  interpretation  of  emission  spectra  by  other 
authors  as  being  an  indication  of  homogeneous  reaction,  suggesting  that  the  high 
electronic  energies  of  the  states  observed  in  spectra  may  be  difficult  to  explain 
on  the  basis  of  kinetic  steps  that  are  probably  not  highly  exothermic. 

If  one  were  to  postulate  the  structure  of  a  combustion  model  which  would  fit 
the  particular  conditions  of  Markstein 's  experiments,  namely  low  pressure  highly- 
diluted  flames,  it  would  appear  schematically  as  indicated  in  Figure  14. 

Note  that  nucleation  zones  are  not  specifically  defined.  Markstein  stated 
(36)  that  some  homogeneous  reaction  may  be  required  initially  to  furnish  sites  for 
the  ensuing  heterogeneous  reaction  but  that  ir.  the  fully  developed  reaction  it 
would  be  expected  that  homogeneous  reaction  would  not  be  significant.  Since  oxide 
vapor  is  not  present  due  to  the  lack  of  homogeneous  reaction,  it  would  also  be  likely 
that  not  much  oxide  w  uld  appear  on  the  metal  surfaces.  This  statement  is  based  on 
two  faces.  Firstly,  most  evaporation  products  dissociate,  and  thus,  very  little 
oxide  vapor  for  back  diffusion  could  be  expected  from  this  process.  Secondly,  it 
was  pointed  out  earlier  that  Markstein  felt  that  heterogeneous  reaction  on  the  metal 
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surface  was  unimportant  when  fully  developed  reaction  had  been  established.  Thus, 
the  schematic  in  Figure  14  indicates  no  back  diffusion  of  oxide  vapor  to  the  metal 
surface. 

THE  NEW  PRINCETON  INNER  REACTION  ZONE  MODEL  -  Sullivan  (39)  undertook  an  ex¬ 
perimental  investigation  to  determine  the  flame  structure  of  metal  vapor-phase 
diffusion  flames,  in  particular  the  low-pressure  flames  of  the  alkaline-earth  metals 
Mg,  Ca  and  Sr.  In  these  studies  the  flames  were  generated  in  two  types  of  experi¬ 
ments.  In  the  first  type,  metal  samples  in  the  form  of  wires  or  strands  were 
mounted  between  electrodes  and  heated  to  ignition  by  passing  an  electric  current 
through  the  sample.  The  resulting  "wire  flame"  was  studied  by  color  photography 
and  space-resolved  spectroscopy  which  defined  the  location  of  emitters  in  the 
cylindrically-symmetric  flames.  In  the  second  type  of  experiment,  a  two-dimensional 
diffusion  flame  burner  was  adapted  to  low-pressure  metal  combustion  studies.  The 
burner  provided  a  flame  with  a  geometry  particularly  suited  for  space-resolved  spec¬ 
troscopic  observations.  The  longer  exposure  times  available  for  obtaining  spectra 
in  the  burner  experiments  permitted  the  observation  of  oxide  band  systems  which  had 
not  been  observed  in  the  wire  experiments.  The  observation  of  these  additional  band 
systems  aided  in  the  interpretation  of  the  spectral  results  obtained  from  the  wire 
experiments. 

This  investigation  has  shown  that  a  reaction  exists  in  the  inner  zone  of  the 
luminous  envelope  surrounding  the  metal  sample.  The  production  of  oxide  vapor  by 
homogeneous  reaction  causes  a  supersaturation  of  oxide  vapor  leading  to  rapid  nu- 
cleation.  Thus,  the  inner  reaction  zone  is  expected  to  be  a  high  temperature  region 
of  the  flame  due  to  the  liberation  of  the  heat  of  condensation  Sullivan  demon¬ 
strated  that  the  major  contribution  to  the  observed  radiation  is  due  to  a  thermal 
excitation  mechanism,  although  some  contribution  from  chemiluminescent  radiation  may 
occur  '.n  the  inner  reaction  zone.  Based  on  the  thermal  nature  of  the  radiation,  the 
self-reversal  over  a  p<  rtion  of  their  length  of  the  resonance  lines  of  the  metals  Ca 
and  Sr  respectively,  ii  licates  that  the  inner  zone  of  colored  radiation  in  the  flame 
is  hotter  than  the  outer  zone. 

If  the  trend  shown  by  Markstein's  results  (38)  illustrating  the  decrease  of 
collision  efficiency  (for  surface  reaction)  with  increasing  temperature  continues  at 
higher  temperatures,  it  is  anticipated  that  the  inner  reaction  zone  of  the  flames  of 
Ca  and  Sr  is  thus  a  zone  of  predominantly  homogeneous  reaction.  Heterogeneous  re¬ 
action  would  tend  to  become  more  important  at  larger  flame  radii  where  it  is  ex¬ 
pected  that  the  temperature  is  decreasing. 

The  model  described  above  is  pictured  schematically  in  Figure  15.  A  comparison 
of  this  figure  with  the  figures  presented  at  the  beginning  of  this  section  demon¬ 
strates  the  differences  in  the  flame  model  as  a  result  of  Sullivan's  investigation. 

The  flame  zone  does  not  appear  to  be  a  "coll  psed  reaction  zone"  as  in  the 
model  of  Brzustow3ki  and  Glassman.  The  peak  flame  temperature  is  not  expected  to  be 
located  at  the  outer  edge  of  the  luminous  envelope.  The  reaction  zone  appears  to 
extend  to  regions  very  close  to  the  wire  surface,  and  makes  it  difficult  to  determine 
the  size  of  an  inner  zone  such  as  in  the  Brzustcwski-Glassman  model,  zone  AB,  which 
is  assumed  to  contain  only  metal  vapor  and  the  inert  diluent. 

The  model  due  to  coffin  (40)  assumes  an  extended  reaction  zone  such  as  the 
present  investigation  indicates,  but  in  Coffin's  model  this  zone  is  assumed  to  con¬ 
tain  no  MgO  vapor.  It  would  be  impossible  to  explain  the  spectroscopic  observations 
of  Brzustowski  (4,9),  Courtney  (41),  and  the  present  investigation,  on  the  basis  of 
Coffin' 8  model.  In  addition,  the  two  zones  observed  in  the  Ca  and  Sr  flames,  namely 
a  reaction  zone  extending  almost  to  the  wire  surface,  and  a  second  zone  containing 
oxide  particles  surrounding  the  zone  of  colored  radiation,  are  not  distinguished  by 
Coffin. 

In  the  proposed  extensions  of  the  Brzustowski-Glaasman  model  by  Knipe  (6),  it 
is  assumed  that  reaction  probably  proceeds  predominantly  by  heterogeneous  reaction 
in  the  case  of  aluminum  combustion,  and  that  this  reaction  proceeds  at  the  cloud 
boundaries.  The  role  played  by  heterogeneous  reaction  in  the  case  of  aluminum  com¬ 
bustion  could  be  significantly  different  than  foi  the  combustion  of  the  alkaline- 
earth  oxides.  Unlike  the  aluminum  oxides,  the  alkaline-earth  oxides  are  observed  to 
have  the  same  composition  in  the  condensed  and  gaseous  phases.  However,  Knipe ‘s 
suggestion  that  reaction  proceeds  at  the  cloud  boundaries  is  appropriate  to  the 
flames  of  the  alkaline- varth  metals  as  well,  in  view  of  the  trend  illustrated  by 
Marketein's  results  showing  a  strong  dependence  of  the  heterogeneous  reaction  mecha¬ 
nism  on  temperature.  It  should  be  stressed,  however,  that  Markstein's  results  are 
for  a  limited  temperature  range  (419°K  to  840  K)  and  that  he  statee  that  the  results 
should  not  be  taken  as  "unqualified  evidence"  that  heterogeneous  reaction  may  be  un¬ 
important  at  higher  temperatures. 

In  summary,  Sullivan  de.'inea  a  flame  structure  model  in  which  a  predominantly 
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homogeneous  reaction  zone  is  located  well  inside  the  luminous  envelope.  Heat  re¬ 
lease,  which  occurs  throughout  this  reaction  zone  due  to  oxide  vapor  condensation, 
accounts  for  the  excitation  of  the  species  observed  to  radiate.  Oxide  particles, 
formed  throughout  the  reaction  zone,  are  swept  out  of  the  inner  zone  of  the  flame 
by  the  bulk  velocity  of  the  gaseous  product  species  and  thermophoresis  effects. 

Since  both  effect  decrease  with  increasing  distance  from  the  reaction  zone,  there 
is  a  region  in  which  the  particles  pile  up  to  form  the  outer  luminous  edge  of  the 
flame  which  is  characteristic  of  most  metal  flame  photographs. 
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Fig.  1 


Heterogeneous  ignition:  rate  of  chemical  energy  release  and  rate 
of  heat  loss  vs.  surface  temperature 


Fig. 2  Heterogeneous  Ignition:  complete  variation  wi th  temperature 
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o)  NO  SOLIO -PHASE  PRODUCT 


Fig. 3  The  ignition  criterion 


Fig. 4  The  low  temperature  effect#  of  the  transition  temperature 
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APPENDIX  A  -  THEORIES  OF  METAL  ..GNITION* 

Several  theories  of  metal  ignition  have  been  given  by  various  investigators 
in  the  literature?  these  will  no\<  be  reviewed.  In  order  to  facilitate  comparison, 
the  defining  equations  for  the  critical  and  ignition  temperatures  in  Kellor's  model 
are  repeated: 


lz‘Ttrir  '  (  l Ts'T7„t-  Eq  (10) 


( ! 

I  2T*  J\ TS:V. 


Eg  (14) 


\  +  ’i  '  ’s-i.y  \  j  7s 

Some  of  the  theories  to  be  discussed  are  appropriate  to  systems  of  any  size, 
that  is,  are  size  independent,  and  others  are  for  particular  types  of  experiments 
such  -is  those  involving  dust  dispersions. 

A  -  BULK  IGNITION  ACCORDING  TO  THE  THEORY  OF  EYRING  AND  ZWOLINSXI  -  The  earliest 
theory  of  metal  ignition  is  due  to  Eyring  and  Zwolinski  (42).  This  theory,  in  terms 
of  the  present  model,  is  a  calculation  for  the  critical  temperatures  of  a  bulk  sys¬ 
tem  based  on  the  Theory  of  Absolute  Reaction  Rates. 

The  temperature  under  consideration  was  defined  by  the  following  heat  balance 
equation: 


The  4chem  term  was  expressed  as: 


s.  -rrt  <o 


Eg  (A-19) 


Eq  (A-20) 


where  ifi  is  the  reaction  rate  (number  of  metal  atoms/cmzsec) .  &  H,  is  the  heat  of 

formation  of  the  product  (kcal/mole),  and  N  is  Avogadro’s  number* 

It  was  stated  that  “the  ignition  of  metal  samples  will  occur  when  the  con¬ 
duction  of  heat  through  the  oxide  film  is  inadequate  for  the  removal  of  the  heat 
produced  at  the  metal-film  interface  as  a  result  of  corrosion".  Radiation,  con¬ 
duction  into  the  metal,  and  conduction  into  the  ambient  oxidizing  gas  are  neglected, 


and  thus, 


was  written: 
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Eq  (A-21 ) 


where  k  is  the  thermal  conductivity  of  the  oxide  (cal/  C  cm  sac),  is  the  tempera¬ 
ture  at  rhe  metal-oxide  interface,  T  is  the  temperature  at  the  oxide-gas  interface 
(both  in  °K) ,  and  d  i3  the  oxide  film  thickness  (cm).  Eq.  (A-19)  then  becomes? 


'f//Z  --  M.,  (Ts-T.)/Jn 


Eq  (A-22 ) 


The  expression  for  the  reaction  rate  was  developed  from  the  Theory  of  Absolute 
Reaction  Rates  and  was  written: 

sm  -  (c3  A  77  f/a)  e  Eq  (A-23> 

where  C  is  the  number  of  absorption  sites  or  metal  atoms  per  unit  surface  area,  k 
is  the  Boltzmann  constant  (ergs/°K),  h  is  Planck’s  constant  (erg  sec),  E  is  thi 
actjvation  energy  (erg),  and  F  is  the  ratio  of  the  reaction  surface  area  to  the 
outer  area  of  the  oxide  film.  This  rate  expression  is  valid  only  for  regimes  of 
linear  oxidation. 


(A-22)  and  A-23)  may  be  rewritten: 


X-  Ts[;-(ct^  Fjn  oHfAl  n)  e  *ATi] 


Eq  (A-24) 


Since  ignition  will  occur  when  the  heat  balance  represented  by  Eq.  (A-22)  is  de¬ 
stroyed,  T  as  calculated  from  Eq.  (A-24)  is  the  ignition  temperature,  which  is  seen 
to  depend  strongly  on  the  oxide  film  thickness  d  .  Nets,  however,  that  in  terms 
of  the  present  model,  T  as  calculated  from  Eq.  ta-24)  is  actually  the  critical 
temperature  by  virtue  of  Eq.  (10). 

Upon  comparison  of  temperatures  calculated  from  Eq.  (A-24)  with  ignition  tem¬ 
peratures  measured  experimentally  for  Mg  in  0,,  Fassell  et  al.  (43)  noted  the 
following  difficulties  withe  the  theory:  firstly,  the  experimental  ignition  tem¬ 
perature  is  independent  of  oxide  thickness?  secondly,  self-heating  below  the  tem¬ 
perature  predicted  by  Eq.  (A-24)  is  impossible  (that  is,  these  authors  recognized 
that  self-heating  berow  the  ignition  temperature  is  possible)?  and  thirdly,  the 


Extracted 


its  entirety  from  the  Ph.D.  thesis  of  Mellor  (12). 
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observed  pressure  dependence  of  the  ignition  temperature  is  not  explained  or  pre¬ 
dicted  by  the  theory. 

Recalling  that  the  temperatures  calculated  by  Eyring  and  Zwol inski  are 
actually  critical  temperatures,  two  of  the  failures  of  the  theory  noted  by  Fassell 
and  co-workers  can  be  explained.  It  is  possible  that  the  critical  temperature  is  a 
function  of  oxide  film  thickness  and  eelf-heating  is  not  only  possible,  but  also 
expected  above  the  critical  temperature.  A  pressure  dependence  of  ignition  or 
critical  temperature  is  predicted  by  a  more  complete  theory. 

• 

Other  difficulties  with  the  theory  of  Eyring  and  Zwolinski  are  the  independence 
of  critical  temperature  with  respect  to  sample  size  and  the  failure  of  the  theory 
for  zero  oxide  thicknesses.  Also,  the  theory  as  developed  applies  only  to  tempera¬ 
ture  regimes  of  linear  oxidation. 

In  view  of  the  difficulties  noted  with  the  theory  of  Eyring  and  Zwolinski, 
Higgins  and  Schultz  proposed  the  following  modifications  in  which  T  and  T_  were  de¬ 
fined  in  terms  of  microscopic  granules  of  metal:  T  is  the  mean  temperature  in  the 
interior  of  a  metallic  granule  at  the  metal-oxide  interface;  T  is  a  mean  tempera¬ 
ture  at  the  external  surface  of  the  oxide  film  associated  wifhuthe  granule;  and, 
allowing  for  non-uniformities  in  the  oxide  film  on  the  granule,  d  is  taken  as  a 
mean  oxide  thickness.  It  was  then  argued  that  for  an  aggregate  ot  small  granules, 
because  of  the  near  equality  of  T  and  T  from  granule  to  granule,  the  temperature 
gradient  (T  -  TQ)/d  becomes  vanishingly  small  and  ignition  occurs.  However,  no 
calculation!  were  at?£mpted. 

B-BULK  IGNITION  ACCORDING  TO  THE  THEORY  OF  HILL,  ADAMSON,  FOLAND  AND  BRESSETTE- 
A  second  theory,  also  based  on  Eq.  (10),  was  proposed  by  Hill  and  co-workers  (44). 
These  authors,  however,  noted  that  the  calculation  provided  an  estimate  of  the  spon¬ 
taneous  ignition  temperature,  rather  than  ignition  temperature,  and  is  thus  con¬ 
sistent  with  the  definitions  of  the  present  model. 

These  authors  balanced  a  rate  of  chemical  energy  release  with  a  convection  and 
radiation  heat  loss: 


$ck Eq  (A-25 ) 

A  conduction  term  into  the  metal  was  neglected  because  in  their  experiments  the 
samples  were  heated  uniformly.  Using  engineering  approximations  to  the  three  terms 
in  Eq.  (A-25),  good  agreement  between  calculated  and  measured  spontaneous  ignition 
temperatures  was  obtained  for  1020  steel  in  air.  The  appropriate  oxidation  rate 
involved  in  <5  .  was  measured  in  their  own  experiments.  The  calculated  values  were 
dependent  on  tfteoxide  thickness  (as  in  the  theory  of  Eyring  and  Zwolinski). 


A  major  difficulty  with  the  theory  of  Hill  et  al.  is  that  the  wrong  size  de¬ 
pendence  of  critical  temperature  is  predicted.  In  their  approximation  of  fJconv  the 
sample  size  dependence  enters  as  follows: 


Q  as 

0  <v,'/ 


Eq  (A -26) 


where  de  is  now  the  characteristic  size  of  the  sample,  and  Re  is  the  Reynolds  number 
based  on  this  size.  Therefore,  by  virtue  of  the  definition  of  Reynolds  number: 


*  <r  ** 

That  is,  as  the  sample  size  is  decreased,  A _ _  increases,  and  so  docs  the  critical 

,  ,  conv 

temperature. 


As  in  the  theory  of  Eyring  and  Zwolinski,  the  theory  of  Hill  et  al  fails  for 
clean  metal  surfaces,  that  is,  for  zero  oxide  thicknesses,  because  in  this  case  the 
reaction  rate  is  inversely  proportional  to  oxide  film  thickness. 


C-BULK  IGNITION  ACCORDING  TO  THE  THEORY  OF  REYNOLDS  -  A  theory  of  metal  ig¬ 
nition  was  advanced  by  Reynolds  (22),  in  which  the  temperature  history  of  the 
metallic  eample  was  described  by  the  following  energy  equation,  where  conduction  in¬ 
to  the  fuel  is  neglected: 

~  gr?  ‘  1  <*>•■ 

where  C  ■  total  heat  capacity  of  the  sample,  cal/°K: 
surface  area  of  the  eample,  cm1; 
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Eq  (A-2.) 


K: 


■  surface  temperature  of  the  sample, 

»  time,  sec: 

■  chemical  energy  release  rate  per  unit  area, 
•  heat  transfer  coefficient,  ca^/crn  aec°K: 

»  sample  recovery  temperature,  ,  o  4 
»  Stef an- Boltzmann  constant,  cal/cm  aec  (°K); 


cal/cm  aec; 


jy-App-,'5 


£  ■  surface  emissivity,  dimensionless; 

T  =  effective  radiation  temperature  of  the  environment,  °K; 

2 

qinput  =  any  heat  input  independent  of  the  body  temperature,  cal/cm  see. 

According  to  Reynolds,  "the  ignition  temperature  is  seen  to  be  equivalent  to 
the  temperature  at  which  the  body  temperature  begins  to  increase  at  an  increasing 
rate.  This  may  he  expressed  mathematically  as  the  temperature  at  which  dTfl/dt  is  a 
minimum.  Thus,  at  ignition: 

Jrs  (-r  <a-29> 


<*rs  \  i  j 

or,  from  Eq.  (A-28)* 

iAm?  -  Eq  (A-30) 

dT, 

Reynolds  defined  ignition  to  occur  at  an  inflection  point  in  the  surface 
temperature-time  curve;  as  no  equilibrium  positions  (with  respect  to  time)  are 
indicated  in  his  model  and  as  the  surface  temperature  is  rising  in  time,  by  defi¬ 
nition,  the  critical  temperature  has  been  exceeded.  He  then  incorrectly  indicated 
that  dTfl/dt  goes  through  a  minimum  at  ignition,  above  the  critical  temperature. 

In  the  present  model  ignition  occurs  at  a  maximum  value  of  dT  /dt  above  the 
critical  temperature,  which  is  indeed  an  experimental  criterion  for8ignition.  Mathe¬ 
matically,  of  course,  there  is  no  difference  in  the  defining  equation  for  ignition 
temperature,  but  the  intuitive  difference  in  approach  to  this  equation  is  stressed. 


Reynolds  wrote  4cjjem  as  follows: 


Eq  (A-31) 


where  A  is  the  reaction  rate  (g  0_/cm  sec)  and  Q  .  is  the  heat  of  reaction  (cal/g 
02).  He  considered  both  linear 

U'  =  --  fi  t  C  "  Eq  (A_32) 


^  "Jt 

and  parabolic  regimes  of  oxidation 


UJ  --  Kp  t 


f  a 


■ErMT* 


Eq  {A— 3  3 ) 


where  the  K,  are  the  appropriate  rate  constants.  A-  are  the  appropriate  pre-ex¬ 
ponential  factors,  E •  are  the  appropriate  activation  energies,  and  R  is  the  uni¬ 
versal  gas  constant,  w  is  the  weight  of  02  per  unit  area  that  has  reacted  with  the 


metal  at  time  t. 


Since 

^  ■  >u/jt 

-  /AT, 

Eq 
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then 

*  Ki  ■  A,  e 

Eq 

(A-35 ) 

and 

p  ;  K  f  /x  ^  - 

Kfi  * /if', 

Eq 

(A-36 ) 

Therefore*: 

Eq 

(A-37) 

where  f  is  the  oxide  density,  d  is  the  oxide  thickness,  and  $  is  the  ratio 
of  the  miss  or  oxide  to  the  mass  of^Oj  forming  it.  Multiplying  by  the  heat  re¬ 
lease  per  gram  02>  Qc^em>  the  heat  release  rates  are  obtained; 

*<  “-381 


Substitution  of  Eq.  (A-38)  or  (A-39)  into  Eq.  (A-30)  yields; 

e  '/T‘‘  -  «)'/  -lUx'S 


Eq  (A-39) 


Eq  (A-40) 


Markstein  (5)  has  shown  that  the  placement  of  in  the  denominators  of 
Eq.  (A- 36)  and  A-37),  as  in  the  original  paper  of  Reynolds,  is  in  error. 


l'J  A|  i:  4 


where  subscript  i  equals  1  or  p,  and  where 

Tj  *  Ts  RM-  Eq  (A-41) 

rl A*  f? / V  6  s  £V  Eq  (A-42) 

yp  --  bp  ft  ft' '/ $  t  <T  d  £*  E<?  (A-43 ) 

^  ^  //>y  *  E£1  <A"44> 

^  /flp  2f  A  Eq  (A-45) 


The  T*  .  are  dimensionless  ignition  temperatures,-/  *.  are  dimensionless  heat 
transfer  coefficients,  and  the  If  ^  are  called  pyrophoricities  by  Reynolds. 

Reynolds  noted  that  either  an  increase  or  decrease  in  the  rate  of  convective 
heat  transfer  (and,,  furthermore,  when  this  term  represents  either  heating  or  cooling) 
will  increase  the  calculated  ignition  temperature. 

Since  the  ignition  temperature  is  expressed  by  the  universal  curve  Eq  (A-40), 
all  metal-oxidizer  systems  were  expected  to  agree  with  this  prediction.  Reynolds 
calculated  a  family  of  curves  of  T*  versus  'fj  for  various  valoes  of  h*.  He  then 
measured  ignition  temperatures  for  various  massive  systems.  For  the  specific  sys¬ 
tems,  the  oxidation  rate  data  were  taken  from,  the  oxidation  literature.  Extremely 
good  agreement  between  the  curve  of  T*  versus  with  h*  equal  to  zero  was  obtained 
in  all  the  cases  investigated.  Reynolds  argued  that  this  agreement  with  the  case  of 
zero  convective  heat  transfer  was  a  result  of  his  measuring  the  ignition  temperatures 
in  quiescent  atmospheres.  Experimentally,  ignition  was  defined  by  "a  sharp  break  in 
the  temperature  curve." 

As  noted  previously,  Reynolds'  resulting  theoretical  definition  of  the  ignition 
temperature,  Eq.  (A-30),  is  equivalent  to  that  of  the  present  investigation,  Eq.  (14). 
The  experimental  definition  is  also  equivalent.  Thus  agreement  between  theory  and 
experiment,  within  the  experimental  error  and  the  theoretical  error  in  estimating 
the  various  parameters  which  appear  in  Eq.  (A-41)  -  (A-43),  is  not  unexpected.  How¬ 
ever,  in  the  theory  of  Reynolds,  the  ignition  temperature  is  predicted  to  be  inde¬ 
pendent  of  sample  size,  and,  furthermore,  no  pressure  dependence  is  predicted,  be¬ 
cause  of  the  experimental  indication  that  convective  heat  losses  to  the  ambient  gases 
are  negligible. 

D-BULK  IGNITION  ACCORDING  TO  THE  THEORY  OF  TALLEY  -  Talley  (45)  made  a  calcula¬ 
tion  of  "the  minimum  temperature  above  which  the  combustion  of  boron  is  self-sus¬ 
taining.  ...  by  equating  the  rate  of  heat  generation  by  chemical  reaction  with  the 
rate  of  heat  loss  by  radiation  as  functions  of  temperature."  He  referred  to  this 
temperature  as  an  ignition  temperature,  but,  of  course,  in  the  present  model  this 
temperature  is  defined  as  the  critical  temperature.  Estimates  of  the  reaction  rate 
were  acquired  from  data  about  700°C  below  the  ignition  temperature  in  a  temperature 
regime  in  which  the  evaporation  of  BjO^  from  the  metal  surface  is  rate-determining. 

As  Talley  recognized,  because  only  a  radiation  heat  loss  mechanism  is  assumed, 
the  theory  is  valid  only  for  large  samples.  Under  these  assumptions,  an  ignition 
temperature  of  about  1925°C  was  predicted  for  large  B  samples  in  0...  Because  of  the 
experiment  employed  to  investigate  the  ignition  process,  critical  and  ignition  tem¬ 
peratures  could  not  be  distinguished. 

By  introducing  a  1  mm  diameter  B  rod  into  an  0,-rich  natural  gas  flame  and 
using  a  corrected  optical  pyrometer  to  measure  surface  temperature.  Talley  made  the 
following  observations:  "at  temperatures  about  1800°K  the  boron  was  observed  to  burn 
relatively  slowly.  Between  1800  and  2100°K  the  rate  increased  evenly.  A  temperature 
of  2230°K  (1957°C)  was  the  highest  temperature  before  there  was  a  sudden  increase  in 
burning  rate."  The  correspondence  of  the  temperature  of  this  sudden  rate  change  and 
the  calculated  ignition  temperature  is  excellent. 

As  is  the  case  with  most  of  the  other  theories  discussed  to  this  point,  Talley's 
theory  predicts  that  the  calculated  critical  temperature  is  independent  of  sample 
size  and  oxidizer  pressure. 

E-SINGLE  PARTICLE  IGNITION  ACCORDING  TO  TOE  THEORY  OF  FRIEDMAN  AND  MACEK  - 
Friedman  and  Macek  (13)  developed  an  ignition  theory  in  order  to  explain  their  e: 
perimental  results  on  the  ignition  of  Al  particles.  They  later  applied  similar  ideas 
to  the  ignition  of  Be  (46). 
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The  attempt  to  explain  their  results  on  the  basis  of  a  simple  heat  balance  led 
to  several  discrepancies  with  their  experimental  results.  The  theory  predicted  a 
strong  dependence  of  the  ignition  temperature  on  particle  size  and  on  ambient  oxi¬ 
dizer  concentration,  whertas  experimentally  these  parameters  had  little  influence 
on  ignition  temperatures  Also,  predicted  ignition  temperatures  were  considerably 
higher  than  the  measured  temperatures. 

In  order  to  circumvent  these  difficulties,  on  the  basis  of  the  experimental 
association  of  the  Al  ignition  temperature  with  the  melting  point  of  Al,0,  they 
assume  that  a  discontinuous  increase  in  reaction  rate  occurs  at  the  melting  point 
of  the  oxide,  T^  (T  is  the  particle  temperature): 


_  *0 
Tj  TM  p 


Eg  (A-46) 


s.  k  T$  —  ~T~nf>  Eq  (A-47) 

where  Q  .  is  the  heat  of  reaction  (cal/mole),  c  is  the  concentration  of  oxidizer 
at  the  £§?¥icle  surface  (mole/cnr),  and  k  and  k’  Ire  rate  constants  (cm/soc),  with 


k’  k. 


Two  heat  fluxes  in  the  ambient  gas  were  considered: 


*  aK3  (T>-T3)/J  Eq  (a-48) 

D  -  CS)/A  Eq  (A-49) 

where  <5  ,  is  the  heat  lost  by  conduction,  k  is  the  thermal  conductivity  of  the 

gas  (eaS?cm'sec  °K),  T  is  the  gas  temperature  9(  K),  d  is  the  particle  diameter  (cm), 
dj,  is  the  heat  flux^due  to  oxidizer  diffusion  to  the  reaction  zone,  D  io  the  oxi- 
diiif  diffusivity  (cmVaec),  and  c  (<0  is  the  oxidizer  concentration  at  infinity 
(mole/cm3).  ® 

Because  the  particle  is  assumed  to  be  at  uniform  temperature  T  ,  conduction 
into  the  particle  is  neglected.  Radiation  losses  are  aleo  neglected  in  the  ignition 
process. 


where 
gas  (i 


A  temperature  defined  by  an  equilibrium: 


=  S  tnJ  •  3 


Eq  (A-50) 


Eq  (A- 51) 


exists  below  the  oxide  melting  point;  above  this  temperature  the  particle  may  self¬ 
heat  (that  is,  this  temperature  is,  in  terms  of  the  physical  model,  the  critical 
temperature).  The  authors  referred  to  this  temperature  as  the  minimum  ambient  tem¬ 
perature  required  for  ignition. 

Friedman  and  Macek  proceeded  in  this  manner  in  order  to  evaluate  the  oxidi.jr 
concentration  at  the  particle  surface  from  Eq.  (A-50),  (A-4B),  and  (A-49): 


C3  >  Cy.  -k)  (T.-rp/e 


Eq.  (A-51 )  may  be  rewritten: 


0.  K 


%  fr5-Tj  )/A 


Eq  (A-52) 


Eq  (A-53 ) 


Eq.  (A-52)  is  then  substituted  into  Eq.  (A-53)  and  the  expression  for  the  minimum 
ambient  temperature  required  for  ignition  is  obtained: 


T;  ‘  tj  -  ($  .ft)] 

Since  at  ignition,  T#  ■  Tjjp,  Eq.  (A-54)  becomes: 


Eq  (A-54) 


rj  T  /  r.  y  Eq  (A’55> 

Friedman  and  Macek  noted  that  the  correction  term,  tfje  second  term  on  the  right 
hand  side  of  Eq.  (A-S5),  is  extremely  small  compared  to  Tjjr,  which  explains  the  ob¬ 
served  small  dependence  of  ignition  temperature  on  d  and  a. 


Friedman  and 


The  theory  is  applicable  only  to  small  particles  because  conduction  into  the 
interior  of  the  particle  and  radiation  to  the  surroundings  are  neglected. 
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A  major  difficulty  with  the  theory  is  that  as  the  particle  diameter  is  in¬ 
creased,  the  minimum  ambient  temperature  required  for  ignition  (or  critical  tem¬ 
perature)  decreases.  Also,  k,  the  reaction  rate,  which  appears  in  Eq.  (A-55)  is  a 
function  of  temperature,  and  pressure. 


F-DUST  DISPERSION  IGNITION  ACCORDING  TO  THE  THEORY  OF  NAGY  AND  SURINCIK  -  Nagy 
and  Surincik  (47)  have  recently  developed  a  theory  for  ignition  of  dust  dispersions. 
Their  theory  was  tested  against  experimental  results  on  the  ignition  of  dust  dis¬ 
persions.  Their  theory  was  tested  against  experimental  results  on  the  ignition  of 
cornstarch;  nevertheless,  inasmuch  as  dust  dispersion  experiments  give  ignition 
temperatures  which  have  little  correlation  with  transition  temperatures  (12),  the 
ignition  temperatures  of  dust  dispersions  of  cornstarch  or  i-otal  powders  are  ex¬ 
pected  to  be  predicted  equally  well  by  a  theory  which  does  not  include  a  transition 
temperature  concept. 

Again  a  simple  heat  balance  is  used  to  define  ignition,  so  that  in  actuality, 
a  critical  rather  than  ignition  temperature  is  estimated; 

•-  *■  <»-56> 

Because  of  the  nature  of  the  sample  configuration,  somewhat  more  complicated  ex¬ 
pressions  for  the  heat  fluxes  result.  Also,  heat  fluxes  per  unit  volume  rather  than 
per  unit  area  are  considered. 

The  following  assumptions  were  made; 

1.  The  entire  system  (gas  plus  particles)  is  described  by  the  equation  of  state 
pV  *  RT,  where  p  is  pressure,  V  is  volume,  R  is  the  universal  gas  constant,  and  T  is 
the  temperature. 

2.  The  dispersion  is  uniform  with  respect  to  volume,  and  the  volume  of  the 
particles  is  negligible  with  respect  to  that  of  the  gas. 

3.  Mass  transfer  is  negligible  during  ignition. 

4.  Heat  capacities  are  temperature  independent. 

5.  Heat  transfer  occurs  primarily  by  conduction  and  convection  and  is  linearly 
proportional  to  the  temperature  difference. 

6.  Any  action  of  the  addition  of  an  inert  dust  to  the  dispersion  is  strictly 
thermal. 

7.  A  bimolecular  oxidation  process  is  assumed,  and  the  rate  variation  of  this 
process  with  respect  to  temperature  is  expressed  by  an  Arrhenius-type  function. 

The  heat  release  due  to  reaction  per  unit  volume  may  then  be  expressed; 

'  A  EMT  Eq  (A-57 ) 

where  all  symbols  have  their  previous  meanings,  and  where  is  the  order  of  the 
reaction  with  -respect  to  fuel  (F)  and  /3  with  respect  to  oxidirer  (OX).  (F)  and  (OX) 

are  the  relative  molar  concentrations  per  unit  volume.  Several  simplifications  of 
Eq.  (A-59)  are  made  as  indicated  below. 


Since  0.  is  the  only  reacting  component  of  the  gas  phase,  "the  system  may  be 
considered  unfmolecular  with  respect  to  the  gaseous  phase.  Thus  the  term  p/RT  is 
taken  at  the  first  power  rather  than  at  the  second  power,  and  the  units  of  A  become 
1/sec.  The  system  contains  the  inert  gases  nitrogen  and  admixed  carbon  dioxide,  and 
the  rate  of  reaction  is  lowered  by  the  fraction  ,  which  represents  the  proportion 
of  oxygen  in  the  atmosphere."  Since  at  ignition,  by  definition  the  concentration  of 
products  is  negligible; 


(  F)  >  (ct)  .f 


Eq  (A-58) 


Because  the  number  of  moles  of  0,  per  unit  volume  is  p 
unit  volume,  Z,  is; 

?  *  f  e  KJft-r 

where  is  the  molecular  weight  of  0,. 


/RT,  the  weight  of  Oj  per 
Sq  (A-59) 


The  effective  surface  area  of  the  dust  is  included  in  the  chemical  heat  release 
rate  by  modification  of  the  activation  energy,  that  is,  exp  (-E/RT)  is  replaced  by 
exp  (- 9  E/RT ) ,  where  <r  is  the  effective  surface  area  of  the  dust,  and  E  is  a 
property  only  of  the  fuel.  Finally, 


I 
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(F)  ’  (x/Wjl/tv/'Hj  /K,  ) 

where  X  is  the  initial  dust  concentration  in  g/cm3  and  %f  .  is  the  molecular  weight 
of  the  dust.  Then:  .  °t  r  ,  A 

(F)‘  Cl- (F)lf-  Ex/tf  I  Fi)J  0-  */C*  rk  l)J  ft  Eq  (A_6J) 

Z  $(*)  Eq  (Pi-62 ) 


where 


Thus  combining  Eq.  (A-57)  through  (A— 62 ) : 

liJu-  "  l A  2  SC*)/ %  }  <? 


c vf/^r 


Eq  (A-63) 

Eq  (A-64) 


The  rate  of  heat  loss  per  unit  volume  is  expressed  in  the  following  manner: 

%jLs  9.  +  y  'J(r'  rf)  *  "'-651 

where  subscript  i  includes  all  constituents  of  the  dust  and  gas  system,  k,  is  the 
coefficient  of  heat  transfer  of  species  i  (including  conduction,  convection,  and 
radiation),  (1/sec),  N.  is  the  concentration  of  species  i  at  the  furnace  tempera¬ 
ture  Tf  (g/cm3  ),  c  .  is  the  specific  heat  of  species  i  at  T,  (cal/g°K),  and  V1 
is  therate  of  heat*5'  loss  per  degree  per  unit  volume  to  the  vessel  walls  (cal/ 
sec  Kcm3 ) . 


The  experimental  results  indicated  that  the  heat  transfer  coefficients,  k^,  are 
all  of  the  same  order  of  magnitude.  Thus, 


and 


K,  -  K 

y:  ''/« 


Following  Semenov,  the  approximation  is  made: 

T-Tf  ^  /ctr 

(A-65)  becomes  .in  its  final  form: 

i 4s*  '(*■*  rsyf '-)[?-  V.  A  p 

The  condition  for  ignition,  Eq.  (A-56),  is  then: 

f  }  e  *  <r**r‘v 

Nagy  and  Surincik  obtained  the  values  of  CT  ,  k1,  V,  af,  j&. 

K  '  s  K  £  ^  /rs  £■ 


Eq 

(A-66 ) 

Eq 

(A-67) 

Eq 

(A-68) 

J  Eq 

(A-69) 

fl/J  Eq 

(A-70) 

and  b,  where 

Eq 

(A- 71) 

from  their  experimental  results  on  the  ignition  of  cornstarch.  They  then  varied  the 
furnace  temperature  and  concentrations  of  fuel  dust,  inert  dust,  and  oxygen  over 
wide  ranges,  and  found  an  excellent  correlation  between  theory  and  experiment.  Pre¬ 
dictions  of  ignition  limits  were  also  verified  experimentally. 


G-QUIESCENT  PILE  IGNITION  ACCORDING  TO  THE  THEORY  OF  ANDERSON  AND  BELZ  - 
Anderson  and  Bel'  (48)  proposed  a  qualitative  theory  of  the  ignition  of  quiescent 
piles  of  metal  powders.  In  particular,  they  considered  the  ignition  of  Zr  in  o. . 

It  was  assumed  that  a  spherical  mass  of  powder  of  radius  r  is  in  perfect  contact 
with  a  heat  reservoir  at  temperature  tQ.  This  spherical  mass  of  powder  consists 
of  spherical  particles  of  dicmeter  d.  "If  the  rate  of  heat  development  at  the  center 
of  the  mass  is  greater  than  the  rate  at  which  t j.a  heat  can  be  transported  to  the  con¬ 
tainer,  ignition  eventually  occurs.  Then,  the  following  condition  is  necessary  to 
ignition:  rate  of  exothermic  heat  development  ?  rate  of  heat  loss."  Therefore, 
this  theory  is  a  discussion  of  the  critical  temperature  for  a  quiescent  pile  experi¬ 
ment. 


The  appropriate  reaction  rate  law  for  Zr  in  0^  was  taken  as 

(*TJ  Z  tp  £  *  Eq  (K-12 ) 

where  w  is  the  increase  in  weight  of  the  metal  sample  per  unit  area.  The  reaction 
rate  per  unit  area  is  then: 
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at 
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where  all  symbols  have  their  previous  meanings. 


Eq  (A- 73) 


The  total  surface  area  per  gram  of  a  system  of  uniformly  sized  particles  is 
6/0  d,  where  is  the  metal  density*.  Anderson  and  Belz  then  wrote  the  rate  of 
heat  generation  by  the  center  element  as 

<•  Eq  (A- 74) 


fd*  T  /€</)' 


where  A'  includes  all  previous  constants. 

The  heat  loss  term  is  assumed  to  be  of  the  form: 


fAu  *0-7i)/si 


Eq  (A-75) 


where  it  is  the  appropriate  thermal  conductivity  of  the  particle  plus  void  configu¬ 
ration.  The  criterion  for  ignition  then  becomes: 


*/)<s  >  KCr-fo)/sL 


Eq  (A- 76) 


Anderson  and  Belz  noted  that  this  expression  could  not  be  solved  for  the  ignition 
temperature  T  in  terms  of  the  ambient  temperature  T  .  However,  simplifications  are 
possible  if  the  assumption  that  (T  -  Tn)  is  equal  to  a  small  constant  value  is  made. 
Then  Eq.  (A— 76 )  may  be  written: 


Eq  (A-77) 


or 


To  ■> 


Eq  (A-7P i 


Anderson  and  Belz  stated  that  "various  interpretations  of  the  time  factor  in 
this  expression  are  possible.  If  it  is  interpreted  as  an  inverse  function  of  the 
external  heating  rate,  then  the  expresrion  predicts  a  decrease  in  ignition  tempera¬ 
ture  with  heating  rate.  This  is  the  experimental  case  for  small  samples.  In  the 
case  of  larger  samples,  the  increase  of  ignition  temperature  with  heating  rate  is 
attributed  to  increased  lag  of  internal  temperature  with  respect  to  external  tempera¬ 
ture.  .  .  .  The  expression  is  in  qualitative  agreement  with  the  data,  as  regards 
particle  size."  The  trend  predicted  is  that  the  ignition  temperature  will  decrease 
with  decreasing  particle  diameter,  d. 


H -QUIESCENT  PILE  IGNITION  ACCORDING  TO  THE  THEORY  OF  TETENBAUM,  MISHLER,  AND 
SCHNIZLEIN  -  Tetenbaum  et  al  (49)  correlated  their  experimental  results  on  the  ig¬ 
nition  of  quiescent  piles  of  U  powder  in  0_  on  the  basis  of  the  ignition  theory  of 
Frank-Kamenetskii.  They  also  applied  an  ignition  theory  of  Murray,  Buddery,  and 
Taylor,  which  was  originally  developed  in  light  of  the  data  of  Anderson  and  Belz 
(48). 


Using  the  stationary  homogeneous  ignition  theory  of  Frank-Kamenetskii,  Teten¬ 
baum  and  co-workers  found  excellent  agreement  between  their  experimental  results  and 
ignition  temperatures  calculated  on  the  basis  of  the  critical  size  resuit  of  Frank- 
Kamenetskii  (16)  with  ,  the  shape  constant,  equal  to  0.88,  that  ie,  for  a  one- 
dimensional  container. 

The  agreement  between  a  theory  developed  for  homogeneous  gas-phase  systems  with 
results  obtained  in  a  quiescent  pile  powder  experiment  no  doubt  results  from  the  homo¬ 
geneous  nature  of  this  latter  experimental  configuration,  that  is,  the  small  metal 
particles  separated  by  spaces  filled  with  0^.  Again,  Eq  (10)  is  the  defining  equa¬ 
tion  in  this  theory,  a  critical  temperature^has  been  calculated. 

Tetenbaum  et  al  then  applied  a  theory  due  to  Murray,  Buddery,  and  Taylor:  the 

physical  basis  of  this  theory  is  questionable.  Here  nv  heat  losses  are  included,  and 

all  the  heat  generated  by  the  chemical  reaction  is  used  increase  the  temperature 

of  the  pile  of  powder.  Effectively,  then,  the  critical  temperature  for  this  theoret¬ 

ical  model  As  zero,  for  as  long  as  any  exothermic  reaction  occurs,  the  temperature 
of  the  sample  will  increase  until  ignition  occurs. 

According  to  Murray  et  al  as  quoted  by  Tetenbaum  and  co-workers,  the  rate  of 
heating  due  to  chemical  reaction  of  a  metal  powder  in  the  linear  oxidation  rate 
regime  i~ : 


Anderson  and  Belt  erroneously  gave  this  expression  as  6/>»d 
used  6//*  d  in  their  subsequent  calculations.  > 


but  apparently 
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d±  ^  P  Eq  (A-79) 

where  H  is  enthalpy,  M  is  the  mass  of  the  powder,  d  is  the  diameter  of  a  particle 
within  the  powder,  and  ^  is  the  density.  If  the  container  is  heated  at  the  rate 
dT/dt  =  0,  then  the  total  enthalpy  generated  upon  heating  from  298°K  to  T°K  is: 


ft  ~ 


Act 


Also, 


W 


a! 


c/7~ 


Eq  (A-80) 


Eq  (A-81) 


where  c  is  the  specific  heat  of  the  powder  and  £  T  is  the  temperature  rise  re- 
sultingpfrom  reaction  upon  raising  the  container  temperature  from  298°K  to  T°K  at 
a  rate  of  0°K/min*.  Thus, 

AT,r 


Eq  (A-82  J 


After  integration,  Eq.  (A-82)  may  be  written: 
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Eq  (A-83 ) 


where  T_  is  the  container  temperature  at  which  ignition  occurs.  ^  T  ia  "the 
difference  in  temperature  between  the  sample  and  container  at  ignition." 

On  the  basis  of  the  data  of  Anderson  and  Belz  obtained  with  Zr  powder  (48), 
Murray  and  co-workers  took  T=50°K.  Tetenbaum  et  al.  used  this  value  of  T  and  cal¬ 
culated  ignition  temperatures,  T  ,  for  their  experiments  from  Eq.  (A-83).  Again, 
excellent  agreement  between  theory  and  experiment  was  obtained. 


At  first  sight,  there  is  an  apparent  contradiction  between  these  two  theories. 
Critical  temperatures  are  calculated  from  the  theory  of  Frank-Kamenetskii  because  of 
the  starting  equation,  Eq.  (10).  Because  no  heat  losses  are  involved  in  the  theory 
of  Murray  et  al.,  the  critical  temperature  is  zero  and  the  calculated  temperature 
may  be  an  ignition  temperature.  Yet  temperatures  calculated  from  both  theories  agree 
extremely  well  with  each  other  and  with  experiment.  This  could  mean  that  the  criti¬ 
cal  and  ignition  temperatures  are  equivalent  in  this  particular  experiment. 


First,  however,  it  is  not  clear  that  the  temperature  calculated  from  the  Murray 
theory  is  an  ignition  temperature,  and  particularly  the  ignition  temperature  as  de¬ 
fined  in  the  physical  model  of  metal  ignition.  Secondly,  in  this  theory,  ignition  is 
regarded  to  occur  when  thg  amount  of  sample  self-heating  over  the  container  tempera¬ 
ture,  £l  T,  is  equal  to  50°K.  This  value,  however,  was  estimated  on  the  basis  of 
results  of  Anderson  and  Belz. 


It  was  shown  in  the  previous  sections  of  this  chapter  that  these  latter  in¬ 
vestigators  most  likely  measured  critical  temperatures  rather  than  ignition  tempera¬ 
tures.  Thus,  the  agreement  of  the  Murray  and  Frank-Kamenetskii  theories  is  not  for¬ 
tuitous,  because  the  choice  of  £  T»50°K  was  based  on  critical  temperature  data. 


* 


H 


Nc 


There  is  a  typographical 
p  A  T.  Eq.  (A-81)  above 


error  in  the  definition  of  H  in  Ref. 
is  correct. 


(49),  in  which 
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-  SOiSKAIRE  - 

L'Atuds  de  la  combustion  des  ndtaux  a 
prla  oes  da  mi  are  leaps  de  l*  importance  da- 
puis  qua  oeux-oi  sont  utilises  oomma  oombue- 
tiblss  dans  las  systimea  da  propulsion  mo¬ 
dems.  La  ddlai  d'allumag#  at  la  tamps  da 
oombustion  das  partioulas  mdtalliquos,  Is  ren- 
dement  da  combustion  et  la  nature  des  produits 
brfllds  sont  las  points  imp'>rtants  qui  intdras- 
sant  la  spdoialista  da  la  propulsion  at  qui 
sont  prls  an  consideration  dans  oat  axposd. 

La  premiers  partis  ast  oonsaordo  aux 
techniques  experiments  las  utillsdes  pour 
1' dtuds  de  la  oombustion  d'un  metal.  Deux 
groupas  prinoipaux  ont  et'  definis,  l'un  se 
rapportant  a  la  oombustion  des  psrtieulas, 

1' autre  A  oalla  das  fils.  Dans  la  premier 
groups,  quelques  mdtbodes  ststiques  ont 
dte  devaloppets,  la  pavtioul#  dtant  fixda  & 
un  support,  maia  las  plus  oourants  consistent 
a  plaoar  las  partioulas  dans  un  dooulamant. 

Dans  la  deuxi&u-e  groups,  l'allum&ge  ast  sim¬ 
ple  at  la  combustion  plus  facile  A  dtudiar. 
L'analyse  des  phdnom&nes  da  oombustion  ast 
offi-tuda  par  olnemicrographia,  par  flgeage 
da  la  oombu? ilon  eur  das  parols  froldaa,  par 
apeotographia. . .  Una  etude  critique  da  caa 
diverse#  taohnlquas  eat  presentee. 

La  deuxiAme  parti*  eat  une  synthls*  das 
rdaultata  axperimantaux  moctant  an  Svidenoe 
pour  ohaqua  metal  at  an  parti oulier  pour  1' alu¬ 
minium,  la  beryllium,  la  magnesium  at  la  bora, 
1' influence  de  divers  paramAtrss  comma  la  na¬ 
ture  das  gaz  envlronnants,  lsur  pression  at  ,1a 
temperature,  1M»-flueno#  da  l'dtat  da  aurfaoa 
du  mdtal  au  i  t  da  l'allumaga.  La  nature 
das  ddpOts  on.  „alement  disoute*. 

A  partiv  da  caa  rdaultais,  >  i  schemas  de 
oombustion  ucntpropoaia  faissnt  ..  objat  da  la 
troioiAma  partis,  Una  premier*  classifloation 
da  oes  sohamas  a  ete  donnia  par  GLASSMAH  on 
faiaant  intarvenir  }«s  temperatures  da  fusion 
at  d' ebullition  iu  mdtal  at  da  l'oxyde; 
HARKSTE3H  a  montrd  qua  oaa  eoh&naa  dipandai  ont 
non  aaulamant  das  tampdraturaa  d' ebullition  dv 
rndtal  at  da  l'oxyde,  mais  auasi  da  la  tempera¬ 
ture  A  laquall#  las  reactions  da  aurfaoa  at 
dans  la  phaae  gaxaus*  dtmarrsnt.  La  ohoix  an¬ 
tra  combustion  houogln*  at  heterogbsa  sat  en¬ 
core  seaas  oal  ddflni,  lea  deux  meoanlamaa 
pcuvant  oosxistar. 

La  quatrlAm*  partis  ast  ralatiTS  A  1’ etude 
da  la  combustion  dan-,  un  milieu  hdtdrogln*  qui 
exists  an  pert  ton  liar  loraque  la  metal  ast  uti¬ 
lise  dans  un  propargol  ou  dans  un  oombus tibia 
aolida.  Leo  Haultata  exposes  dans  o«  para¬ 
graphs  as  rapportant  dono  A  1*  etude  da  la  o com¬ 
bustion  d'un  mdtal  dans  If  j  ayatkaas  A  proper- 
go  1  aoHde  ou  hybrids. 


-  SUMMARY  - 

The  study  cl  the  oombuotion  of  mstals  has 
rsosntly  beoome  important  sinoa  they  are  ussd 
as  a  fuel  in  modsra  rookst  propulsion  sys¬ 
tems.  Ths  ignition  delay  and  burning  tims 
of  mstsl  partiolas,  the  oombustion  sffloienoy 
as  wall  as  ths  nature  of  ths  oombustion  pro- 
duots  are  the  most  'mportant  points  whloh  are 
of  interest  to  ths  propulsion  expert  and  they 
are  taken  in  consideration  in  this  paper. 


The  first  part  is  devoted  to  the  experi¬ 
mental  taohnlquas  used  for  the  study  of  me¬ 
tal  oombustion.  Two  main  groups  of  taohnlquas 
are  defined.  One  oonoemAng  metal  partlolo 
oombustion,  the  other  oonoaming  the  oombus¬ 
tion  of  metal  wires.  In  the  first  group 
soma  statio  mathoda  ware  developed;  the  metal 
particle  being  attached  to  a  holder  but  th* 
moat  widely  used  technique*  consist  in  stu¬ 
dying  th#  natal  partiolae  in  a  flow.  In  the 
seoond  group, ignition  la  simple  and  oombus¬ 
tion  is  sasy  to  study.  The  analysis  Of  oom- 
bustion  phenomena  la  dona  by  oineml orography, 
by  freezing  the  oombustion  on  oold  plates, 
by  spsotrography,  ....  A  orltioal  study  of 
these  various  techniques  it  presented. 


The  second  part  ia  a  synthesis  of  th* 
experimental  results  showing  for  eaoh  mats', 
and  in  particular  for  aluminium,  beryllium, 
magnesium  and  boron,  the  lnflueno*  of  va¬ 
rious  parameters  such  as  tha  nature  of  the 
gas  atmosphere,  its  pressure  and  temparatui'-, 
th*  lnflueno*  of  th*  au:.*faoe  conditions  on 
th*  metal  at  ignition.  The  nature  of  th* 
dspesits  is  also  dieoussad. 

From  these  rasu'ta  some  oombustion  mocals 
tr*  proposed  and  ara  dealt  with  in  th*  third 
part.  A  first  classification  of  these  modal* 
was  giver  by  OLA  ,3tAN  cons!  daring  the  malting 
and  boiling  points  of  tb*  natal  and  those  of 
its  oxide.  KAFXSTETJf  bus  ebovn  that  thaa* 
mod# Jo  depend  not  only  on  th*  malting  and  boi¬ 
ling  points  of  th*  matal  sod  of  its  oxide  but 
also  on  th*  temperature  at  which  aurfaoa  and 
gas  phas*  reaotions  oan  start.  Th*  ohoio*  bat 
waan  homogeneous  and  batarogaraoua  combustion 
la  atill  ill  defined  mlnr.a  both  maohaniama 
oan  take  place  simultaneously. 


T.e  fourth  part  is  rslatlv*  to  ths  study 
of  oomsustioa  In  s  heterogeneous  environment 
which  arista  in  particular  when  th*  matel  la 
included  iu  a  propellant  or  in  a  aolld  fuel. 
Th*  results  given  in  tiiia  paragraph  ara  ba¬ 
sed  on  the  study  of  tb*  oombustion  of  •  matal 
In  aol'd  or  hybrid  propallat  ay  at  era. 
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DEPUIS  QUELQUES  AIHfEES  un  effort  important  eat  fait  pour  ddfinir  les  conditions  de  combustion  des  mdtaux 
<t  pour  comprendre  le  mdcanieme  pemettont  do  libdrer  par  voie  chimique  une  importante  quantity  d'energie 
avec  un  bon  rendoment  •  be  probleiae  au  depart  interesuait  l'induatrie,  il  a 'agicsuit  de  prevenir  la  com- 
bustion  ot  l'explosion  de  pou3Siferes  mdtnlliques  dans  les  mines  et  dans  certaines  industries  ou  ces  pous- 
siferes  metalliques  etaient  utilisees  •  La  combustion  des  metaux  conduisant  a  des  temperatures  de  fin  de 
combustion  eloveoc  et  le  rayonneincnt  produit  dtant  intense,  les  metaux  oont  utilises  pour  produlre  des 
dclairs  .  Dans  un  passe  plus  rdccnt  l'emploi  de  mdtaux  dans  des  conditions  de  temperatures  elevdes  ,  en 
particular  pour  les  vol3  cupersoniques  et  dans  les  foyers  ds  rdacteurs  a  stimuld  les  recherches  dans  ce 
domains  ,  mats  e'est  surtout  l'utilisation  de  rndtaux  comma  combustible  qui  a  fait  pro grosser  ca  domains 
de  recherches  .  L1 aluminium  eat  maintenant  un  combustible  eourant  entrant  dans  la  composition  de  la  plu- 
part  des  propergols  solides  ,  1* introduction  de  1' aluminium  a  pour  effet  d 'augment er  1 ' impulsion  specifi- 
que  ,  d'nccroltre  la  densitd  du  propergol  et  dans  certains  cas  d’amdliorer  la  stability  de  la  combustion 
du  propergol.  Le  beryllium  malgre  sa  toxicitd  entre  dans  la  composition  de  certains  propergols  .  D'autreo 
mdtaux  comme  le  boro  ,  le  magnesium  sont  dgnlcment  envisages  corme  propergol  en  particulier  dans  les  ata- 
tordacteurs.  Dans  les  systdmes  hybridos  le  lithium  est  un  mdtal  qui  conduit  h  de  treo  bonnes  performances 
avec  lea  comburants  flnnrds.  L'enserr.hle  de  ces  applications  a  donnd  naissnnee  h  de  nouvea' >x  mi  jets  de 
recherche  ct  nous  analysorons  ici  ce.  s  qui  interessent  la  propulsion  e'est  pourquoi  nous  limiterons 
nos  propos  a  des  mdtaux  susoeptibles  a  wtiliser  conr.e  combustible  1 1  aluminium  ,  le  beryllium  ,  le  magne¬ 
sium  ,  le  bora  en  annlvsant  plus  narticuliirenent  les  paranfetres  interessant  1*  specialists  de 

la  propulsion  tels  le  ddlai  d'allumage,  le  temps  de  combustion  de  partieules  metalliques,  le  rendernent 
de  combustion  ,  la  nature  des  produits  formda  ,  le  mdcanisme  de  combustion  . 

La  premifere  partie  est  consacree  aux  techninues  expdrimentaiss  utilisees.  Deux  groupes  ont  dtd 
ddfini3  :  l'un  as  raprortant  a  la  combustion  des  partieules,  l'autre  a  la  combustion  des  fils  ,  nous 
avons  egalemer.t  decrit  une  technisue  permettant  d'dtudier  la  combustion  d'un  metal  h  l'etat  de  vapeur. 

La  deuxifeno  partie  e3t  une  synthase  des  rdsultats  experimentaux  oh tonus  dans  plusieurs  labora- 
toires  mettant  en  evidence  pear  cheque  metal  l’influence  des  principaux  parara&tres  qui  agissent  sur  les 
Dhenomenes  de  combustion  :  pression  ,  composition  des  gaz  environments  . 

La  troisieme  partie  analyse  les  different^  modeles  proposes  permettant  de  decrire  le  mecanisne 
de  eocbi.ation  des  metaux  et  de  degager  les  paramo t res  importants  qui  rdgissent  ce  mdcanisme.  Ce  problhme 
est  complexe  ,  pour  chaque  mdtal  et  dans  cheque  d o.taine  de  combustion  le  models  peut  dvoluer  et  il  n'est 

pas  possible  de  ddcrire  un  modfele  unique  valable  pour  toue  les  mdtnux  . 

11  nou3  a  naru  ut- le,  le  mdtal  dtant  utilisd  comma  combustible  dans  un  propergol  solide  ou  dans 

un  combustible  solide  de  dormer  euelques  resultats  sur  la  eorbustion  des  metaux  dans  les  fovers  de  svstfe- 

mes  a  prouergols  solides  ou  hybridos  .  La  combustion  a  lieu  dans  un  milieu  hdtdrog&ne  ,  ce  qui  complique 
encore  les  phenorr,ene3,  les  experiences  fordamentales  decrites  plus  haut  peuvent  seeendant  servir  de  guide 
pour  obtenir  dans  la  ch-rbre  de  combustion  un  allumage  rapido  et  une  combustion  ausci  complete  quo  possi¬ 
ble  des  metaux  . 

TECHNIQUES  EXP ERIKEK TALES 

Elies  reuvei.t  ft re  classdes  de  diverses  raaniferes  ,  pour  faeiliter  l'exposd  nou3  distihguerons  ici  trois 
teclu.iques  pri.noipnles  suivar.t  que  le  adtal  est  pris  :  a  -  sous  forme  de  partieules  ,b  -  sous  forme  de 
l'ils  ou  de  rub ana  ,  c  -  a  l'dtnt  de  vapeur  .  Pour  chacune  d'elles  nous  indiquerens  les  moyens  employes 
pour  ddfinir  lee  conditions  d'allunage,  pour  suivre  les  processus  d'allumage  ,  enfin  pour  analyser  les 
phases  gazeuses  et  condensees  presentes  dans  les  produits  de  combustion  . 

TKHNlgUES  uTIlJoAIT  DES  PAHTICULES  -  Pour  faeiliter  1' interpretation  des  nisultats  ,  la  plu- 
part  des  chercheurs  or.t  tout  d'abord  travaille  sur  une  particule  mais  des  techniques  interess, antes  ont 
dtu  diivclopydes  en  utilicar.t  plusieurs  particles  de  mamere  a  se  rapprocher  des  conditions  roelles  de 
combustion  que  l'on  observe  avec  les  propergoia  solides  ou  hybrides  . 

C  KDV.ITD  D'Hl.E  PARTICULE  ILOLEE  -  Le  diametre  des  partieules  varie  suivant  la  tcchninue  c"'-s'i- 
rlraantslsde  quo  1  cues  microns  a  quolques  nillir.dtres  .  Lorsque  la  particule  est  de  faiole  dionetoe  on  uti¬ 
lise  une  i  Vctirn  pneuwtique  ,  la  particule  est  places  dims  un  ecoulenient  et  entralnee  par  celui-ci. 

Si  v0  e  it  la  vitesso  de  I'dcouleraent  et  v-0  la  vite3oe  de  la  particule  ii  1’in, lection,  la  vites3e  de  la 
particule  Vp  ,  er.  ndnettfuit  In  loi  de  tmlr.de  de  STOCKE  ,  ost  donnie  par  la  relation  * 

Vo 

In  court'  de  temps  T»  depend  du  aie-itre  de  la  particule  d  ,  do  sa  naaoe  voluniquo  f  ot  de  la 
visco.n  le  du  gas  Jt,  ,  ^  *  d*  f  . 

'  Ou.iqro  «  .'t>;  par ticuliLroT- r.t  «‘tudi*;o  par  PRIEDKAL  e:  KALH<  (l)  ,  Une  autre  u'tl.odc 
.1  v  lo,  i  ’■  le'TL  couriate  a  utilisor  les  forces  do  posancour  et  A  eludisr  1* Evolution  de  In  co: na¬ 
tion  perin-t  la  chute  do  la  particule,  le  gar  comburont  entourant  le  metal  dtant  en  gdniiral  au  ropoa  (2). 
Rien  r.'ompfcho  Je  combiner  les  icoi  effets  (  dcoulcrent  et  pcsar.tour  )  pouraugmsntsr  Is  tempo  de  aepour 
de  In  particule  dru'.n  la  ch-jsbre  d'oxperiorce.  Il  cat  possible  egalcra >  :t  par  dos  forces  oxtdrieures  & 
dir’-jire  de  ■  m:  ‘e.'.ir  1:  p  rtiC'.le  j.-u.o  ur-  pool  tic.  do..  ■  (.'  . 

I-.  '.'  1  :  rt*e-.;l,*  a  un  dii  vtm  do  quolcy  a  .illcita’a  lc  prnbl.ao  do  supper,  -j'.  coxplexo 

.'.  Krouiri'.  ui  y  solutions  ont  nrport-  ea  pur  D.t'RlAliliili  et  WILLIAMS  ,  le  sur  ort  pout  duns  certainn 
C"e  venir  perturber  Ion  ph.'nt«r4n<'S  do  combust. on.  Il  est  possible  ''gale:  out  de  fomor  des  gouties  par 
fusion  do  file  retalilqioa,  cet'.e  tociuvique  ost  avontaguuse  lcrs-iue  la  toareemture  de  fusion  est  fnibls 
Isodius)  t'r.  dispesitif  ds  production  do  gouties  d''un  dieCBtro  de  1’ordre  du  cillir6tn>  s  ete  :-s  au 
point  par  'tldflATvi)  id)  .  iJB  prublVse  de  support  dtant  regie  ,  il  fnut  foumir  it  cstto  partiouls  une  qunn- 
tite  d’energie  ouff inants  pdiur  obtsr.lr  l’nllueatrc  du  Kt-il.  La  solut.on  In  plus  ewirnats  conni.  h  iti- 
1 : r.nr  un  brtlour  a  flrmie  plate  du  t)T>e  fOWLIii'G  prod  irmt  des  wz  b rfll ■' n  combi  m:  ts  h  haute  tomp';mturs. 
Le  brfllei-  de  FiUDSIK  et  KACB1  (l)  pur  exe.iple  ost  all.-.er.td  par  un  r.-'lnr,  e  de  prop ar.o-oxj‘gj)r.o  -azote  , 
on  fniv-rt  v.-irier  la  proportion  do  cos  trcis  coapo.unts  on  modifio  Is  tentpr'i-ituro  des  got  brftlds  ot  le 
composition  (teneur  en  oxygAno  et  onpeur  d’oau)  ;  pour  -viter  In  proscac-.*  d'exu  ils  utiliaor.t  le 
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mElange  monoxyde  de  carbcne-oxygkne  (5).  Cette  technique  ne  perrnet  pa3  cependant  de  choieir  a  volontE 
la  composition  et  la  tempErature.  Lee  pnrticules  sont  introduitea  dans  l'axe  du  brftleur  par  un  tube  do 

faible  diamktre  (  250^)  ,  ellea  aont.  portees  par  un  gaz  vecteur  neutre  genEralement  de  1'hElium  ou  de 

1' azote.  Ux  nature  du  gaz  porteur  dont  le  debit  eat  extrScement  faible  par  rapport  au  debit  du  brftleur 
n'a  pratiquement  aucun  effet  aur  la  combustion  •  La  temperature  de  la  particule  Tp  placee  dans  un  gaz 
k  temperature  T  varie  en  fonction  du  temps  suivunt  la  loi  :  ' 

8  Tp-  Tv3(Tt,.Tj)e-^ 

la  constants  de  temps  Tr  =  d-  $  C.  /*2  ^ ^  oil  C  eat  la  chaleur  spEcifiquo  de  la  particule 

et  In  conductibilite  thermiaue  du  gai  ;  en  introduisant  le  nombre  de  Prandtl  T-  ou 

eat  la  chaleur  spEcifiquo  du  gaz  ,  on  obtient  entre  et  'tr  la  relation  : 

?r  ~  I  R  ?v  ' 

On  peut  done  dire  que  lea  retards  de  Vitesse  et  de  temperature  entre  le  gaz  et  la  particule  sont  voiains. 

(Juelques  tentatives  ont  etE  faitea  pour  remplaccr  le  brflleur  par  un  j-onoratnur  de  plasma  fonc- 

tionnant  avec  un  gaz  neutre  ,  lea  particules  sont  ir.Jectees  dans  le  plasma  et  panbtrert  aprks  ohauffage 

dans  une  ati.03phkre  oxydante  mais  cette  technique  est  d'une  mine  sn  oeuvre  delicate  . 

Une  solution  ElEgante  consists  k  utilioer  une  source  intense  de  lumikre.  IJELoON  par  example 
pour  etudier  la  combustion  de  particules  da  zirconium  a  obtenu  de  bona  resultats  en  utilisont  une  lamps 
k  Eclairs  au  XEnon  (6)  .  On  tube  de  quartz  de  8  mm  de  diamktre  rempli  do  Xenon  est  enroale  en  helioe 
sur  le  tube  d' experience  place  verticalcnent  et  dims  lequel  une  particule  is  metal  tombe  suivant  l'axe. 

Le  tube  de  XEnon  eat  enroulE  aur  5  spires,  le  volume  ehauffE  eat  d'environ  35  om^  ,  la  duroe  de  l'eclair 
est  d'environ  1  ms  . 


Une  autre  technique  ayant  donne  de  bons  rEsultats  avec  l'aluminium  est  basoe  aur  l'emploi  d'un 
laser  contina  k  gaz  (COo)  d'environ  120  v  ;  des  particules  da  5  y44  d'aluminium  ont  pu  ainsi  @tre  allumeos. 
Avec  un  laser  continu  on  evite  la  synchronistic, on  toujours  delicate  entre  l'eclair  et  le  passage  de  la 
particule.  Avec  cette  methods  il  est  cependant  difficile  de  connaltre  les  conditions  d'alluirnge  et  en 
particulier  de  oonnaltro  1'Energie  transnise  k  la  particule.  Elle  offre  cependant  I'avantage  d'initier 
la  combustion  dans  des  temps  brefs  et  d'Evitsr  la  formation  d'oxyde  k  la  surface  . 

L'emploi  d'un  four  est  limitE  k  des  mbtaux  dont  la  temperature  d' inflammation  est  faible 
(sodium  par  example)  . 

Aprks  l'allumage  de  la  particule  nuolques  n'thodes.  ont  EtE  devuloppEes  pour  suivre  la  combus¬ 
tion  .  La  plus  simple  consists  k  prendre  une  photographic  de  la  particule  pendant  toute  la  combustion, 
on  observe  alors  sur  le  cliche  une  trainee  lu.-ir.euao  laiaoee  par  la  particulf  en  combustion  pendant  son 
dEplacement  .  De  la  structure  de  cette  trainee  on  en  dEduit  1 'allure  des  phdnomknes  de  combustion  (  Evo¬ 
lution  du  diamktre  de  la  particule,  Evolution  du  diamktre  de  la  flamme,  combustion  dissymEtrique  et 
rotation  de  la  particule,  explosion  do  la  particle.  Lc3  gout  eo  de  metal  ainsi  Etudicies  son.  en  general 
de  faible  diamktre  (auelauos  dizaines  do  microns)  il  est  done  difficile  de  oonoilier  un  fort  groosissemer.t 


pour  datailler  la  zone  de  combustion  et  obtemr  egalenont  un  long  trnjet.  P-t  dor.  precedes  ©ntiauas  il 
est  uossib.le  de  prendre  cur  la  n6mo  photographic  plusimrs  parties  du  tra.ict  .  On  peut  Egalennnt  filmer 
le  mouvement  de  la  particule  en  3ynchronisant  la  prise  de  vue  avec  une  lanpe  k  Eclairs  places  k  cor.tre 
Jour  .  La  encore  un  fort  grossissement  limits  le  champ  d'observation. 

Une  technique  trks  utile  consists  k  figer  In  combustion  k  un  instant  donne  ,  en  faicant  varier 
cot  instant  de  l'allumage  k  la  fin  de  combust' or.  on  peut  reconstituer  1' Evolution  do  la  combustion  meis 
une  experience  est  nEcessaire  k  chanue  fois  .  Pour  figer  la  combustion  on  recueille  la  particule  sur  une 
plaque  froide  place*  k  une  certaine  distance  du  point  d'al.lumage  ,  cette  distance  est  variable  d'une 
oxpErience  k  l'autre  .  Cette  claque  est  parfois  une  leme  de  microscope  en  verre  ou  une  placue  refroidie 
polie.  Dens  certains  ons  un  figeage  r»pide  est  nocessniro  et  on  roc\ieille  in  part-iculo  dans  de  1' argon 
liquids  (7).  Avec  la  plupnrt  des  mEtaux  (  aluminium,  magnEsium,  bErylliua)  il  est  prEferable  de  ne  pas 
refroidir  trop  bruequenont  pour  ne  pas  changer  la  structure  de  la  combustion  et  la  nature  des  dEpftts  . 

Le  fire  age  our  ur.e  Discus  de  verre  donne  de  trer  bona  reeuitate  come  on  temoigne  la  photogmphis  la 
figure  1  prise  par  PRfMTICS  ,  il  s'agit  d’une  particule  d'aluminium  d#  400 ^  brfllnnt  dans  l'nir  et 
figEe  a  23  cm  do  son  point  dc  chute,  l'allumage  «st  obtenu  par  un  Eclair  do  XEnon  |  on  note  ur.o  conbue- 
tior.  symEtrique.de  la  gouete  avoc  un  nuago  do  fines  particules  d'aluninc  oondensEe.  Il  s'agit  d'une 
combustion  en  phase  gazeuse  du  motal  vaporisE  avec  le  comburant  gazeux  enviromvmt  la  go'",  c*  ,  Les  dif- 
fErentea  structures  autour  de  1-  carticule  met tent  en  Evidence  la  conplexitE  du  phonomkn»  de  combustion 
(6)  .  Avec  cette  technique  il  oat  possible  d'Etudier  la  combustion  d'une  pnrticule  en  fonc*"..n  dee  deux 
pnrnmktros  fondar.er.tnux  ,  nature  des  gaz  combura.  ts  ct  precision  ,  r.otor.n  quo  leg  exp ’rioncea  de  combus¬ 
tion  des  pertlculea  k  haute  preeeion  aont  peu  nonbrou**^L' analyse  des  produita  issue  de  In  combustion 
peut  se  fairo  oar  upoctrogmphio  directe  pour  la  partis  gaz  sum  et  par  analyse  chisique  olaasique  pour 
la  phase  condensEe  (9)  .  La  structure  de  cette  phase  condensEe  peut  *tre  mi-iux  decrlte  si  l'on  utilise 
un  microscope  Eloctronique  k  bnlayag*  com*  en  xEmoignent  les  trois  ph-'tograrnies  da  la  figure  2  nontrant 
des  Echantlllons  d'alunir.e  recueillis  aprta  combust  or.  . 


COmSTICli  uE  HJjSIEu'HL  PAK71CULES  -  la  oopbuation  d'un  nunge  c.e  particules  mEtalliques  pour- 
raiont  itre  EtudiEo  k  l'aide  d'rn  br^leur  du  type  KAcHC  ou  de  ceux  qui  sont  ddcrlts  k  la  rEforence  (2)  , 
mala  on  prdfkre  dons  ce  cos  ae  mpprocher  des  conditions  rEelles  de  combustion  et  en  particulier  analyser 
l'Evolutior.  dm  rnrtic'ileo  en  oartant  d'Echnntillone  de  propergols  uis  au  point  pour  cette  recherche  ou 
utilioEe  sur  propulneur. 

Dane  le  premier  c-e  on  forme  deo  Echantlllons  par  compression  en  partant  d'un  comburant  eolide, 
d'un  oEtal  prie  noua  forme  de  fines  porticulen  ,  d'un  combustible  plaetique  ot  de  catrlyoeuro  Egnlcnunt 
aolidca  .  On  peut  avec  c"'.to  ‘.och.aiqvo  changer  rapidomoot  la  composition  du  nElange  et  la  nature  dee 
compc:'..’'tn,  L''.,voluticn  do  In  corbuotion  des  pnrticulco  nctollioura  oat  n  .ivio  pur  cinEmicrographie  ,  on 
nout  Egnl"i  -at  figer  In  oc-bu.ot.on  k  un  certnin  atnde  recuttillir  dee  d‘>pflte  . 


« 


20-3 


Ians  le  deuxiAmo  ons  on  utilise  dea  6chantillons  de  pronergol  obtenus  jx  r  coulde  d'un  melange 
de  comburant,  de  particules  metulliques  enrobces  dans  uno  mntiAre  plaatiaue  ,  Cette  fapon  d'operer  a 
donnA  dos  r&mltsts  intoressantc  .  On  trouve  en  particulier  de  nonbroux  travr.ux  o:.  "  (10)  . 

TECHNIQUES  UTILI.TANT  DEC  FILS  -  La  uise  on  oeuvre  do  cette  technique  est  simple  ,  le  fil 
mdtallique  ost  pris  cntre  deux  electrodes  et  l’allunage  est  obtenu  par  effet  joule  «  La  temperature  du 
fil  est  onregistrea  pendant  la  phase  d’allumage  .  En  pliant  le  fil  dans  une  bombe  ,  il  est  done  possi¬ 
ble  de  faire  varier  simolenent  la  composition  du  comburont  et  la  pression  •  La  cinematographic  d e  la 
zone  de  combustion  ,  la  spectrographio  de  la  zone  de  flanne,  l’analyse  des  depots  pormettent  uno  'tudo 
complete  de  la  conbustion  dea  mc-taux  •  Cette  technique  a  perals  a  GLAS3MAN  et  BRZtISTOWSKI  d’otudier  on 
detail  la  combustion  de  1’ aluminium  et  du  magndrium  (il)  (12)  dans  une  atmosphere  oontenant  0^  et  CO-. 

Des  difficulty  peuvent  apparaltre  a  I'allumage  si  la  temperature  d' inflammation  est  superisure 
a  la  temperature  de  fusion  du  metal,  car  la  rupture  du  fil  intervient  avant  1' apparition  d5  la  flajnme  . 

Avec  l'aluminivn  par  cxcmnlo  il  suffit  da  chauffer  suffloarament  lentement  pour  qu'une  mines  oouche  d'oxy- 
de  se  forme  A  la  surface  maintennnt  le  fil  en  place  jusou'A  la  phase  d 1  al  Linage  .  L'aspect  de  la  flame 
03t  ceiui  du  la  figure  3  nontront  lo  chauffnge  dv.  fil  et  sa  combustion  dans  une  atmosphere  d'oxygAne  . 

AprAs  la  rupture  du  fil  la  combustion  se  pourauit  autour  du  raAtal  fondu  • 

Une  a"tre  fecon  de  proceder  consiste  a  su3pendre  un  fil  et  a  apporter  a  1'extrenitc  libre  une 
quantite  d'dnergie  suffi3  nte  pour  obtonir  1* inflammation  ,  On  obtient  dans  ce  cas  uno  donnde  supplamen- 
taire  qui  ost  la  Vitesse  de  combustion  du  fil  (13)  ,  1' influence  de  la  convection  est  asaez  minime  ,  la 
vitesae  de  regression  du  fil  est  prinoipalement  rdglde  par  des  phdnomenes  de  diffusion  et  la  formation 
d'oxydo  . 

TECHNIQUES  UTILIIANT  LE  METAL  EN  PHASE  VAFEUR  —  Dans  la  combustion  de  no  mb  reuse  mdtaux  lee 
produits  de  combustion  conportent  une  phase  condenses,  il  est  done  tres  utile  de  coraprendre  ce  ndoani3mo 
de  fort.iation  de  la  phase  condenses  aui  ost  ceiui  d'une  reaction  chimique  hdterogAne  .  Suivant  cette  idee 
KAnKSTEIN  a  obtenu  des  rdsultats  ixnortants  en  dtudiant  a  basse  pression  la  rdaction  6 'un  mdtal  en  phase 
vapeur  avec  1'oxygAne  «  La  vapour  de  mdtal  "St  injeetde  en  un  point  de  la  bombe  dilude  d'argon  ;  le  mdtal 
rdagit  avec  1'oxygAne  et  un  depBt  d'oxyde  se  forme  sur  un  miroir  place  A  environ  2  cm  de  l'ori fine  d'injec- 
tion  du  mdtal  .  L'dpaisseur  du  ddp9t  eat  mesurde  par  le  ddplacement  de  franges  d' interference  .  Ce  depla- 
coment  est  symdtrique  par  rapport  A  1' orifice  .  Cette  ;echnique  permet  de  aettre  en  evidence  1* importance 
relitive  de  la  diffusion  et  de  la  cindtique  chimique  Le  dosage  des  atomes  mdtalliques  peut  Btre  fait 
par  apectrophotor.btric  a 'absorption  ( 1 4)  .  Dc3  experiences  de  oe  type  en  plus  grind  nonbre  pourraient 
apporter  de  nombreux  renseignenents  sur  la  combustion  hdterogfene  du  metal  . 

Il  n' exist*,  pns  pour  l'dtude  de  la  conbustion  des  mdtaux  de  technique  iddale,  chacune  de  celles 
que  nous  venons  d 'examiner  possAde  des  avantages  et  des  inconvdnients.  Le  but  vise  par  le  chereheur  est 
double  :  comnrondre  le  r.it'ci-nisr.e  de  conbustion  du  r.  etal  ,  ara^liorer  le  render. ent  de  cor.b'ostion  ,  chacune 
d'ellea  apportant  une  contribution  A  ces  deux  preoccupations  • 

La  technique  utilisnnt  das  particules  est  interessar.te  car  elle  se  rapproche  des  conditions 
reellcs  d'utiliantien  nais  certaines  difficultes  upparaissent  dans  1* inflammation  et  dans  la  description 
des  phenomAne-s  de  combust. on;  exception  faite  pair  la  particule  brfllnnt  dans  un  milieu  au  repos  ,  la 
combustion  a  lieu  dans  un  corburnnt  vicid  et  il  est  difficile  de  jouer  A  la  fois  sur  la  composition  et 
la  temperature  du  gaz  .  On  note  pou  de  reohorchea  effectuees  A  haute  pression  e’est  A  dire  dans  dee  condi¬ 
tions  voisines  de  celles  de  I'emploi  sur  propulseur,  les  difficultes  apparaissent  dans  ce  donnino,  flammes 
prAs  do  ’a  surface  ,  luninosite  important*:  qui  g@r.e  lco  forts  grossissecients  . 

L’ec.ploi  do  fils  ou  de  nbtno  est  d'une-  nioe  or.  oeuvre  beaucoup  plus  simple  mais  la  quantitc  de 
metal  bnll**  ost  plus  import  r.’.o  ortes  le  lorg  du  fil  Igai  merit  plus  rn.udes),  des  difiicultos  apparels— 
sent  au  moment  do  l’nllunsge  , 

La  technique  do  cot  bust  .or.  des  netaux  en  phase  vapour  nous  p-'ralt  fort  utile  pev.r  dicrire  le 
mocanisme  do  combustion  hctdrogAne  et  de  formation  dea  depBts,  la  vaporisation  de  certains  mdtaux  A  imut 
point  d,|Sb'’llition  rond  cette  technique  d’une  aise  en  oeuvre  difficile  ,  elle  nous  parait  cependant  trAs 
utile  pour  renuerir  des  donndes  fondanentoles  sur  le  n.-canisne  dc  diffusion  des  oxydes  et  sur  la  nature 
et  lr  vi‘-a;ce  duo  reactions  cliii .i-uos  de  cc .bust . on  . 

HSSl'LTATS  EXT  ETUI  HITAUX 

11  nous  par-iit  plus  simple  dsns  1.  * ’•dsent't'sn  dee  rdsultats  de  prendre  chaque  mdtal  et  de  disc., ter  lea 
conditions  d'lllunage  et  l'-s  modes  de  combustion  propres  ?  eh-.cun  on  innist-ir.t  plus  p-irticuliAr--  ent  our 
li  o  mdt.u’U  1*  s  blur  utilises  on  pro;  ils- on  . 

Aii  MINl’.K  -  L  eoint  do  fusion  do  1'  alu-iiniur.  est  de  923  °K  ,  son  point  d'dbui  ition  2740®K 
done  tree  -u  dessus  du  ooint  de  'usion  de  l'oxyde  2316°K  .  la  iompOrature  de  decomposition  do  Al,.',  dtant 
do  ;  ’ordre  de  la  tonr-'ratire  de  fin  de  combustion  ('5600°K)  .  Cette  disposition  de  la  temper.'. turo^d’obulli- 
tion  du  r.->tnl  Tqj;  ev  do  fusion  de  l'oxyde  fait  arpaniitro  un  certain  .'.ombre  do  ph- nomenes  apecif.toues 
d  )  1  ’aluminium  . 

A  -  AllUKAuE  -  Los  experiences  Ice  plus  rrob  uites  sont  colles  do  KACHi  ,  la  pnrtxculs  utent  in¬ 
jeetde  dons  un  dco*a«ent  combursnt  ehsud  ,  il  est  facilo  d’.ivnluer  Is  lclai  d'alJunagt-  f  .  Ur/-  thdorie 
oldmontsirs  assos  bion  viiri.fi de  par  1  'experience  indioue  que  ce  dflai  t  oat  dor.-.d  par  In  relation  * 


ce  ddlai  ost  d  nc  proportionnol  au  csrrd  du  dirinAtro  do  la  partic  le  et  d':p»nd  du  r.ontre  Jo  A’UNjBLT  Nu 
do  la  chnleur  latonte  de  fusion  du  mdtal  L,  do  la  temperature  initials  do  la  particle  T„  ,  la  tempe¬ 
rature  du  gu*  entourar.t  In  porticule  T  ot  de  la  tempdraturo  d'infl  mmation  Tj  (  1  )  .  Outre  lo  ddlai 
d'allumage  il  ost  important  d#  connaltfo  la  tenpdrnture  du  gat  T  A  laquolle  1 'i.-flanration  se  product. 
Loa  oxpdrior.ccs  de  rACEK  montreitiuo  cette  temp '.-nbire  ost  voisinPdo  la  tonpdniture  do  fusion  de  l’oxyde 
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Tyo»t  depend  de  la  concentration  an  oxygen*  i 


La  tempkrature  T .  diminue  lorsque  la  pression  partielle  an  oxygkne  p.  augments  ,  l'exposant  n  aat  da 
l'ordre  da  0,5  . “Cette  lol  a  iti  vkrifike  pour  daa  preaalona  allant  de21  k  10  ata  ,  Ce  niveau  da  tempkra- 
tura  indique  qua  pendant  la  phase  prkckdant  l'allumage  una  faible  oouoha  protectrice  d'alumine  a'ast  for- 
mke  k  la  surface  du  adtal  enrobant  complktement  oelui-ci  ,  oatta  couoha  pcuvant  se  oonatituer  par  una  oxy- 
dation  lanta  si  la  particule  ast  atookke  dans  una  atmosphere  oxydante  ou  encore  pendant  la  ddlai  7  . 

Das  expdriences  ont  montrd  qua  catte  oxydation  ast  trie  rapida  at  peut  intarvanir  dans  la  ddlai  Z  .  Cetta 
oouoha  proteotriee  a  dtd  miss  an  dvidence  an  plaqant  das  dchantillons  d 'aluminium  dans  una  atmosphkre 
portda  k  1300  °K  ,  l'aluminium  fondu  n'ast  libdrd  qua  lorsque  catte  couche  d'oxyda  sa  ramolix,  la  liquids 
s'dchappa  alors  par  das  fissures  qui  sa  sont  f oroides  k  It  surface  sous  forma  de  filaments  (figure  4)  . 
Lorsque  cetta  couche  protectrice  aat  prdsente  il  ast  done  ndeeasaire  d'atteindre  T-  pour  obtenir  una  li- 
bdrstion  du  sidtal  at  l'allumage  da  la  partioula  .  Toutes  las  techniques  qui  emplehent  la  formation  da  eet- 
ta  oouoha  diminue  la  tempkrature  d'inflaanation  du  adtal  . 

L ts  ndthodas  d'dtuda  da  la  combustion  das  fils  eonduisent  k  la  at me  conclusion  .  I*  tempdrsture 
da  fusion  du  fil  dtant  infdrleu re  k  la  tempdrature  d* inflammation  ,  il  ast  done  ndeeasaire  pour  obtenir 
una  bonne  tenue  durant  la  chauffaga  de  rdaliser  un  chauffags  lent  pour  pemettre  la  formation  d'una  oouoha 
d'oxyda  qui  assure  una  bonne  tenue  pendant  cetta  pdriode  .  Dans  una  atmoaphkre  contenant  uniqueaent  da  i'o- 
xygkue  la  tempdrature  du  fil  k  laquelle  l1 inflammation  apparalt  croft  lorsque  la  pression  dans  laquelle 
s'effectus  la  combustion  augments  t  alia  passe  de  1700°K  k  0,2  ata  k  la  tempdrature  de  fusion  de  l'oxyde 
2318°K  k  2  atm  pour  raster  aeiaiblement  constants  Juequ'k  70  ata  .  La  puissance  ndeeasaire  k  l'obtention 
de  l'allumage  augments  avec  la  pression  (  voir  figure  5)  (15)  •  Cetta  sdrie  d'expdriencas  tend  k  montrar 
qua  da  0,2  k  2  ata  la  couche  d'oxyda  aat  plus  permdable  qu'aux  pressions  dlevdee  .  La  concentration  on 
oxygkna  agit  ldgkrsmant  but  la  tempdrature  du  fil  au  moment  de  l'allumage  ,  on  note  qua  la  tempdrature 
augments  ldgkrsmant  lorsque  la  fraction  mola^re  en  oxygkne  crolt  .  Cette  tendance  ast  en  ddaacoord  avec 
celle  trouvda  k  partir  das  sxpdriencas  da  MACK,  il  sarait  logique  de  conclure  k  una  augmentation  de  la 
tempdrature  d' inflammation  aveo  la  fraction  molaire  an  oxygkna  puisque  dans  ce  cas  la  couche  d'oxyda 
devrait  devenir  plus  dpaissa  at  done  plus  protectrice,  signalons  toutofois  qua  cat  etfet  eat  faible  ,  La 
pression  limits  d'allumage  ddpend  da  la  concentration  an  oxygkna  et  cellv-ci  diminus  lorsque  la  pourcenta- 
ga  an  oxygkne  augments  ,  Una  pression  limite  supdrieure  peut  apparaltre  sous  certaines  conditions  par 
axempla  pour  una  fraction  molaire  an  de  0,5  ,1a  pression  limite  infdrleure  ast  de  0,34  atm  et  la  pres¬ 
sion  limite  supdrieure  da  17  atm  (15)  •  La  nature  du  diluent  a  peu  d1 importance  ,  notons  Dependant  que 
l'allumage  aveo  1'hdlium  est  obtenu  area  une  puissance  plus  ioportante  que  pour  l’argon  et  l'asote  .  Par 
contra  la  nature  du  comburant  Joue  un  grand  r?l->  i  avec  le  CIP3  par  exemple  ,  l'allumage  a  dtd  obtenu  k 
dee  tempdrsture s  infdrieures  au  point  da  fusion  de  I'halide  (953°K)  ,  Cette  propridtd  dec  compoeds  fluorde 
permettant  d'abaisser  la  tempdrature  d'allumage  dee  particules  mdtilliquee  peut  8tre  utilisde  pour  fasili- 
tar  la  combustion  daa  propergola  solidea  ou  hybrldes  mdtallisda  .  Jes  combustions  ont  dtd  obtenuas  dana 
l'asote  pur,  1'allumsge  s  lieu  k  das  pressions  supdri^ures  k  27  atm,  la  tempdrature  d* inflammation  (1380°K) 
dtant  nettement  infdrleure  k  la  tempdrature  de  fusion  AIN  (2473°K)  ,  la  couche  d'AIN  formde  ctant  vraisem- 
blablamar.t  non  protectrice  .  Lea  conditions  d'allumage  ddpendent  done  dans  une  large  mesure  de  la  possibi- 
Utd  de  formation  d'uns  couche  protectrice  et  da  sa  dsstruotion  .  On  note  en  gdndral  qu'une  couche  protec¬ 
trice  se  forme  lorsque  la  volume  de  l'oxyde  est  plus  kleve  que  le  volume  de  mdtal  qui  intervient  dans  as 
formation  (  cas  de  A1  et  de  Al^O,)  ,  l'dpaisstur  de  Is  couche  formde  ddpend  de  la  concentration  an  combu¬ 
rant  prks  de  la  surface  at  da  la  tempdrature  du  gas  emrironnant  suivant  une  loi  d'Arrhdnius,  il  aat  done 
difficile  d'agir  aur  touts  la  surface  ,  on  pout  ndaamoina,  par  das  apports  locaux  da  oertainas  substances 
aapfichar  as  certains  points  da  la  particule  la  formation  locals  d'oxyda.  Cette  faqon  do  fair*  peut  diminue r 
la  tempdrature  d'allumage  da  la  partioula  . 

B-  C0KBU3TI0N  -  Bxuminona  tout  d'abord  la  combustion  das  particules  dans  una  ambiance  corburoi - 
to  oxygdnda  .  A  la  pression  atmosphdrique  on  observe  deux  mdcanismea  da  combustion  poasiblaa,  l'un  dloi- 
gnd  da  la  surface  ,  rdgi  par  un  processus  da  diffusion  avec  combustion  daa  vapeurs  setalliquea  aveo  la 
comburant  gueux  at  formation  d'una  phase  condanada  qui  se  prdsente  sous  forma  d'un  nuaga  de  fines  partl- 
eulaa  dont  lea  dimensions  sont  da  l'ordre  da  qualquos  centaines  d'Aagstrbms,  l'autre  prks  ou  sur  la  surfa¬ 
ce  avec  formation  de  la  phase  condensde  k  la  surface  du  mdtal,  ee  mkcanisoe  dtant  d'ailleurs  asses  aal  dk- 
fini.  Cea  deux  mdcaniSuiea  peuvent  d'ailleurt  aoeiister  sur  la  m*ma  particule  comme  1'indiquent  les  photo¬ 
graphic  a  de  la  figure  6  .  la  pho -ogrmphie  6A  a  dtd  obtenue  par  c  in  ktucro  graphic  de  La  zone  de  oombustion  , 
on  distingue  nettement  sur  la  particule  une  calotte  d'alumine,  11  n'y  a  pas  au-desou#  de  cette  calotte 
d'dmisaion  du  vapour  mdtalllqua  at  de  combustion  d'alumine,  le  adtal  peut  se  vaporiser  librenent  et  on 
observe  en  phase  vapour, k  une  cortaine  distance  de  la  particule,  une  flamme  de  diffusion  provenant  da  la 
Cu_L.  non  du  petal  vaporisd  aveo  le  gat  comburant  entournnt  la  particule  .  Lorsqu'on  recueille  sur  una 
plaqus  da  verra  dee  particules  an  court  da  combustion  (  figures  6B  et  6C)  ,  >n  observe  sur  la  nfirne  parti¬ 
cule  la  calotte  d'oxyda  at  la  mdtal  ,  autour  &%  la  particule  ,  on  note  kgaleiwnt  une  fine  pousaikre  d'alu- 
aino  dont  lea  dimensions  sont  voisines  da  1  lr  A  et  qui  proviant  da  la  combustion  en  phase  vapeur  aveo  for¬ 
mation  d'un  nuage  d'alumine,  Cea  deux  nodes  da  combustion  appsraissant  sioultardment  ou  skparkment  suivant 
lea  conditions  sxpdrimentalee  (  pression  et  composition  das  gas  anvironnants)  . 

Exumln  ns  lea  rdaultata  obtenua  loraqu'una  particule  d'aluminium  brftle  dans  une  atmoaphkre  oom- 
burante  contenant  de  l'hydrogkne  at  da  la  vapeur  d'aau.  L'allumage  eat  progreooif,  la  dlaoktre  da  la  sons 
de  combustion  varla  da  uno  fris  h  una  fols  at  deals  la  diamktre  de  la  partioula!  on  observe  dana  ce  oas 
slmultanksr  .  lea  deux  type*  da  coabuation  montionnka  plus  haut  )  laa  produits  da  combustion  renferment 
das  sphkraa  crauses  d'alumine,  pour  dea  particules  dt  70  bt  ,  on  obtiont  de*  sphkret  de  150/*-.  la  phot>- 
graphi*  da  la  figure  7  montre  1 'aspect  extkrieur  do  cea  ballons  (photographie  7A)  ,  lorsque  la  sphkrm  ast 
brisks  (photographie  7B)  on  nmarque  k  l'intkrieur  la  goutta  mktallique  attaches  ou  noyke  dans  la  ephkre 
ermuoa  d'alumine  .  7r.  recueille  kgaloment  das  sphkraa  ayant  una  surface  moins  liaaa  mat  tan  t  an  kvidenoa 
la  processus  da  formation  par  apporta  suoeeaaifs  ou  fir  ooalascenoa  da  partioules  (photographie  7C)  , 

La  mkcaniere  da  formation  da  cea  sphkraa  ereuaea  aat  encore  obscur  ,  11  ne  aambla  pas  cependant  influan- 
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eer  le  processus  ds  combustion  • 

Toujoure  en  prlssncs  d'hydrogkna,  on  note  use  rotation  trka  rapids  ds  la  partieuls  (  la  vitess* 
•ngulaire  pouvant  allsr  Jusqu'k  10’  t  •"')  •  Cette  rotation  sat  vraiosablableoent  due  k  une  diasymltrf* 
dans  la  combustion  des  particulee  st  done  k  une  dissymltris  dans  le  dibit  ds  mltal  vaporisl  compliqul  par 
un  sffst  ds  jet  pouvant  provenir  du  flBHi  mltal  vaporisl  sous  la  couehs  d' alumina  situ  Is  prks  de  la  sur¬ 
face  st  qui  s'dchappe  d'une  oanikrs  diasymltrique  en  bordure  ds  la  calotte  d'alumias  .  Cat  sffst  ds  jet 
psut  Itrs  dlcell  an  remarquant  an  osrtaina  points  k  la  lisikrs  ds  la  calotte  une  combustion  intense  due 
au  jet  de  vapeur  isou  de  la  calotte  brfilant  arse  Is  gas  comburant  environnant  .  Is  mouvement  ds  la  parti  eu- 
le  est  asset  coaplessidans  de  noobreuz  cas  l'axs  de  rotation  de  la  particule  est  perpendieulaire  k  l'axs 
de  symltrie  ds  la  calotte  d'alumine,  une  queue  formle  par  un  xuage  d'alunins  s'ltalant  Is  long  ds  l'axs 
de  rotation  (  l'effet  de  jet  ds  vapeur  issu  du  pourtour  de  la  calotte  pourr.iit  Itrs  responsabls  de  estts 
rotation  .  A  cetts  rotation  s'ajoute  parfois  un  mouvement  en  spirals  de  la  partieuls  M  Igalement  k  l'ef¬ 
fet  ds  jet  ainsi  qu'au  dibit  de  mltal  vaporisl  issu  ds  la  surface  de  la  partieuls  non  protlgle  par  1' alu¬ 
mina  . 

Tou jours  dans  un  milieu  contsnant  de  l'hydrogkne  st  de  la  vapeur  d'eau  on  observe  une  fragmen¬ 
tation  de  la  partieuls,  Is  pouresntage  de  fragmentation  augment*  lorsque  le  taux  d'oxygkne  croft  .  Car- 
tains  eiplrimenvateurs  pennant  qua  estts  fragmentation  provient  de  la  rupture  dee  sphkrss  s reuses  d'alu- 
mine,  rupture  due  k  la  pression  rkgnant  k  l'intlrieur  da  la  aphkrs  par  suits  de  la  vaporisation  du  mltal* 

11  semble  plutflt  qua  estts  fragmentation  intervienne  lorsqu'uns  combustion  dissymltriqua  a  lieu,  la  oou- 
che  d'alumine  formle  prks  de  la  surfaee  conduit  dans  cetts  zona  k  un  transfert  ds  chaleur  important  st 
cetts  dissymltrie  dans  Is  chauffage  psut  provoquer  une  rupture  de  Is  partieuls  .  &  1 ’absence  ds  fragmen¬ 
tation  en  stmosphkrs  contsnant  st  HpO  la  tempa  de  combustion  des  particulea  est  aenaiblement  propon- 
tioimsl  au  diamktrs  ds  la  partieuls  k  la  puissanea  1,5  • 

Pour  Ivitsr  la  prlssncs  d1 hydro gene  st  de  vapeur  d'eau  MACBC  a  Itudll  la  combustion  de  particulea 
dans  le.-:  gaz  de  combustion  de  CO  avec  Og  ,  On  observe  tout  de  suite  aprks  l'allumage  une  augmentation  ra¬ 
pid®  du  diamktre  ds  la  flamme  .  La  zone  ds  combustion  sat  lloignle  ds  la  surface  ds  la  partioule  st  Is  pro¬ 
cessus  ds  combustion  est  celui  d'une  goutte  combustible  brfllant  dans  l'air,  lee  phlnonknea  de  diffusion 
Itant  prApondlrante)  la  combustion  ast  sensiblemont  eynltrique  st  Is  temps  de  combustion  comma  dans  Is 
cas  de  gouttes  combustibles  est  proportionnel  au  carrl  du  diamktrs  de  la  partieuls  st  invsrsement  pro- 
portionnel  k  la  fraction  molaire  d'oxygkne  .  Avec  ce  comburant  on  retrouve  dans  les  produits  de  combus¬ 
tion  des  sphkrss  c reuses  d'alumine  ,  on  note  dans  certains  cas  une  rotation  ds  la  partieuls  st  une 
fragmentation  .  Ia  prlssncs  d 'azote  psut  Igalement  favorlaer  la  rotation  de  la  partieuls  st  la  fragmen¬ 
tation  .  Lus  explrionces  de  PRQJTICE  (5 )  ont  en  sffst  montrl  qua  la  conbuatias  dea  particulea  dans  un 
mllange  k  8$  d' argon  at  20^  d'oxygkne  s'affectus  saiw  rotation  st  sans  fragmentation  at  l'lntroduction 
d'une  faible  quantitl  d'azote  1C^  conduit  k  une  rotation  qui  ss  temine  par  uns  fragmentation  de  la 
partieuls  • 

Les  rlaultats  qua  nous  venons  da  donnsr  correspondent  k  des  experiences  effectules  k  la  prvs- 
zion  atmosphlrique  ,  on  dispose  de  peu  de  rlsultats  k  des  prsssiona  llerles  .  In  combustion  des  fils  sat 
aaaez  seablable  k  cells  des  particulea  .  BRZUSTOVSKI  st  SLASSNAB  ainsi  qua  KUJHL  st  ZKULEXBERO  ont  Itudil 
en  dltail  la  combustion  ds  fils  d'aluainium  .  Les  photographies  ds  la  figure  8  lndiquent  quslques  modes 
ds  combustion  possible  des  fils  svec  formation  de  gouttes  ou  explosion  du  fil  . 

Les  modes  de  combustion  sont  indiquls  sur  la  figure  9  et  dlpendent  de  la  fraction  molaire  d'eay- 
gkne  XQ2  ,  le  diluant  Itant  de  1 'argon  ,  et  de  la  pression  .  Corns  on  peut  Is  constatsr  e'est  principale- 
ment  la  fraction  molaire  Xoj  9lli  dlfinit  le  processus  ,  Is  prsssion  intervenant  surtout  aux  basses  pres- 
sions  i  au  dessoua  de  2($  d'oxygkre  il  eat  impossible  d'allumer  le  fil  (  domain e  l)  ,  entre  20  et  30 % 

une  couchc  d'alumine  ae  forma  k  la  surface  du  fil  dans  une  flamme  diffuse  (  domslne  2  et  3)  |  entre  30  st 

60£  d'oxygkne  on  peut  distinguer  deux  zones  svee  extinction  aux  fortes  pressions,  la  flamme  est  trks  prks 
de  la  surface  et  le  oltal  brflle  sous  forme  de  gouttes  suspendues  au  tube  d'oxyde  forml  k  la  surface  du 
fil  (  domains  5)  |  k  des  fractions  molaire a  suplrieures  k  0,8  on  note  une  combustion  trka  rapids  st  trks 
intenns  qui  progreaae  vers  lea  electrodes  (  domains  6)  i  sux  basses  pressions  (50  mi  de  Hg)  la  combus- 
tion  s'effectue  auivant  une  flense  de  diffusion  earactlrlstique  (  domains  7)  .  D'une  manikre  glnlrals  , 
on  observe  que  le  rapport  du  rayon  de  la  flamme  au  rayon  du  fil  ou  de  la  goutte  formle  par  fusion  dlcroit 
lorsque  la  presaion  ou  la  fraction  molaire  d'oxygkne  augments,  k  une  prsssion  ds  1  atm  ,  cs  rapport  ast 

da  1'  rdra  ds  1,5  .  C'est  pourquoi  CLASSMAN  penes  que  dans  la  plupart  des  css  uns  flams  ds  diffusion 

apparalt  (  combustion  en  phase  gaxeuse)  plus  ou  moins  prks  de  la  surface  du  mltal}  les  purtleiU.es  d'oxy- 
des  forales  au  cours  de  cette  combustion  nt  peuvent  s'lloigner  de  cette  zone  que  si  Is  dibit  issu  de  la 
goutte  est  auffisamment  important,  sans  cela  on  note  une  accumulation  dea  prodults  condensls  prks  de  la 
surface  ou  dene  la  sone  de  combustion  ,  Dans  la  phase  de  combustion  k  bsaae  pression  ,  on  remarqus  ,  k 
la  surfaca  du  fil,  dea  gouttelettea  trka  luminous##  constitute  par  de  l'alumine  liquid#  portle  k  une 
templrature  bios  suplrieure  k  cells  du  mltal  et  Igalement  suplrleure  k  la  templratura  de  fuaian  de  1 'axy- 
de  ,  Cette  alumine  psut  provenir  comma  dans  le  caa  des  particulea  d'une  rlaotion  hltlrogkns  de  surfaoe, 
k  cette  prsssion  (5Cmn  de  Hg)  la  temperature  d 'ebullition  du  metal  est  Igale  k  2260°K  done  inflrieure 
k  la  templrature  de  fusion  ds  l'oxyde.  On  note  Igalement  des  trslnlse  lurlneussa  vsnant  du  mltal  mala  11 
sat  difficile  da  prlciaar  la  nature  ds  car  parcieulee  incandescent#*  .  Dans  les  produits  ds  combustioa 
oa  trouve  dss  ephkrsa  e reuse a  attaehlsz  k  la  couch*  d’alumine  sateurant  la  fil  , 

L'influence  de  la  pression  psut  •ti'e  discutl*  par  lea  explrienees  d*  LONC  st  SH3AID  (13)  rela¬ 
tives  k  Is  ditermination  de  la  vi tease  de  combustion  d'un  fil  plasl  dans  d*  l'oxygkm*  st  allual  k  use 
sxtrlmitl  ,  Cstt*  vitsrss  est  doaal*  sur  la  figure  10  en  fonction  de  Is  prsssion  d'orygkae  .  Ctt  remmrquv 
tout  d'abord  entre  1  et  3  atm  urns  augmentation  rspidt  de  la  vltssse  ,  la  combustion  est  control Is  par  la 
diffuaiom  du  comburant  st  ds*  vapeur*  altalliquss  }  Its  dlplta  soat  oonstitula  par  d*  fines  partioule* 
dost  1*  diamktrs  sat  inflrlsur  au  micron  ,  dlpfite  caractlriatiquea  d'un*  combustion  en  phase  vapeur  . 

Eat re  3  et  8  atm  oa  observe  une  ligkrv  diminution  do  la  viteasa  pulmeentre  8  at  14  atm  une  llgkre  augmen¬ 
tation  .  Cette  variation  psut  Itrs  duo  k  une  diminution  relative  du  flux  d'oxygkne  allant  vsrs  la  surfaet 
du  mltal,  diminution  due  aux  produits  de  combustion  vein  nt  de  Is  zone  de  rdmetion  viva  et  s'accumulant 
dans  cette  sone  et  freinmnt  la  diffusion  de  1 ’ oxygkne  .  Le  mouvement  doe  partioules  d'oxyde  est  dC  princi- 
palement  k  1 ' Icoulemont  gdndrml  allant  de  la  surface  du  mltal  vera  l'extlrleur,  la  Vitesse  dea  gaz  Itant 
Igale  pour  on  dibit  I  vaporial  k  i  -tT»  diminue  done  lorsque  Is  prsssion  augment*  st  lor»- 
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que  l'on  s'dloigne  de  la  surface  ,  de  ce  fait  Isa  partieules  d'alumine  dprouvent  de  la  diffioultd  k  aor- 
tlr  da  catta  tone  de  reaction  .  Une  agglomdration  des  partlculea  peut  se  produire,  as  tradulaant  par  la 
formation  da  sphkrea  oreuaea  ou  plelnes  d'alumine  .  La  dibit  de  mdtal  reported  varia  pau  en  fonetion  da 
la  presaion  ,  ca  qui  limits  la  vltease  de  combustion  .  Cans  ce  domains  dea  preasiona  lea  rdeidus  aont 
forads  de  finea  partieules  at  de  sphkrea  ereusea  d'alumine  .  An  delk  de  14  atm  ,  on  observe  une  chute  da 
la  vitesae  da  combustion  at  le  niveau  le  plua  baa  correspond  k  la  valeur  de  la  viteese  trouvde  k  la  prea- 
sloa  atmosphdriqua  ,  le  minimum  se  situant  k  environ  22  atm,  aprka  cela  ,  la  vitesae  de  combustion  croft 
progress ivement  aveo  la  praaaion  ,  d'aprks  KJRSCHFELD  (IS)  on  ne  note  aucune  particularitd  Jusqu'k  100 
atm  ,  la  vitaaas  continuant  k  oroitre  .  Entre  16  at  36  atm  lea  ddpftta  aont  formds  de  finea  partlculea  , 
de  sphkrea  oreuaea  at  dgalement  da  gouttes.d’ alumina  translucide  dont  la  diamktre  moyen  se  eltue  entre 
100  et  200  JJ-  et  pouvant  aller  Juaqu'k  W  U,  ,  cea  gouttes  d'alumine  se  ddtachent  du  fil  en  coure  de 
combustion  ,  7 

la  diminution  de  la  vltease  de  combustion  observde  entre  16  et  22  atm  peut  Itre  due  k  l'accu- 
■ulation  d'alumine  prks  de  la  surface  du  fil  qui  limite  le  tauz  d'dvapcration  du  mdtal  ,  la  combustion 
ayant  lieu  non  en  phaae  vapeur  mais  tout  prks  de  la  surface,  phdnomkns  ddjk  obeervd  avee  les  partlculea  , 
eatte  combustion  da  surf act  limitant  dgalement  le  flux  d'oxygkne  arrlvant  prks  du  mdtal  •  Cette  formation 
d'oxyde  protecteur  k  la  surface  atteint  son  maximum  k  22  atm  ,  au  delk  les  phdnomknea  de  diffusion  reprem- 
ment  1' aval. tags  ,  la  viteese  de  eombustlon  augments  progresslvemsnt  aveo  la  preesion  .  C'est  done  l'actioa 
combimde  d'une  rdaction  homogkne  en  phase  vapeur  ,  d'une  rdaction  hdtdrogkne  en  fin  de  combustion  (  con¬ 
densation  d'alumine)  ,  d'une  rdaction  hdtdrogkne  k  la  surface  du  mdtal  qui  peuvent  avoir  lieu  eimul tene¬ 
ment  qui  conditionns  la  Vitesse  de  combustion  du  fil  .  Tela  aont  trki  achdmatisda  les  principaux  rdaul- 
tats  obtanua  aur  la  combustion  de  1* aluminium  . 

BERTLLIUH  -  On  souligne  aouvent  qua  la  mdeaniama  de  combustion  du  bdryllium  eet  trka  voisin  de 
calui  de  l'aluminiua,  nous  nllona  voir  qu'il  exists  une  certains  amalogie  mala  des  diffdrencea  trks  nettea 
apparaieaent  dgalement  «  La  temperature  de  fuaion  du  bdryllium  eat  plua  dlevde  que  cells  de  1’ aluminium 
1556*K  peur  932*1  t  lea  tempdratures  de  vaporisation  aont  aeasiblement  las  mines  2757°K  pour  Be  et  2740°K 
pour  11  |  In  temperature  de  fuaion  dea  oxydes  passe  de  2820*K  pour  Be  k  231 8°K  pour  A1  et  la  tempdrature 
d'dbullition  des  oxydes  sat  da  4123°K  pour  Be  et  3600°K  pour  11  .  Lr  rapport  du  volume  d'oxyde  au  volume 
de  mdtal  eat  da  2,5  pour  l'aluminiua  at  da  1,66  peur  le  bdryllium  , 

lr-  ALLLHAGE  -  Ecaminons  tout  d'abord  les  conditions  d'allumage  da  partlculea  de  quelquea  di rai¬ 
ses  da  niorona  de  diamktre.  Lea  rdsultats  axpdrimentaux  da  HACIX  aentrent  que  la  temperature  d'inflamma- 
tion  du  bdryllium  eat  plua  dlevde  que  celle  de  l'aluminiua  entre  2400  et  2600  °K  sane  pour  cela  ktteindre 
la  tempdrature  de  fusion  de  l'oxyde  2820°K  ,  La  nature  dea  gac  environnants  a  d'ailleurs  une  trke  grande 
influence  aur  la  tempdrature  d'allumags  .  Les  valeura  expdriaentalee  ebtenues  lors  de  la  combustion  du 
beryllium  sent  trks  diaperadea  at  s'il  eat  poaaibla  de  foumir  dea  tendances  ,  il  eat  difficile  d'dtablir 
dea  lois  reliant  par  example  le  ddlal  d’allumags  ou  la  tempdrature  d' inflammation  avec  le  diamktre  dee 
partieules  at  la  cos^ooition  dea  gaz  environnants  .  Cela  tisnt  surtout  k  la  formation  aldatoire  au  ddpart 
d'oxyde  k  la  surface.  La  teapdrature  de  vaporisation  du  mdtal  et  la  tempdrature  de  fuaion  da  l'oxyde  sont 
voiainaa  et  11  eat  difficile  de  savoir  celle  qui  eat  ddtermisante  .  Le  ddlai  d’allumage  n'eat  pas  en  gdnd- 
ral  proportionnel  an  earrd  du  diamktre  de  la  particule,  ] 'expoaant  ddpendant  dee  pertes  par  rayonnement 
et  de  l'dnergie  apportde  k  la  surface  par  rdaction  chimique,  Atudiona  tout  d'abord  lee  phdnomknea  qui 
rendent  le  processus  d'allumage  aldatoire  . 

-  Pendant  la  pdriode  de  prdchauffage  on  note  tout  d'abord  dee  rdactiona  chimlquea  import antes 
avee  formation  de  ddpBt  d'oxyde  principalement  loreque  le  gaz  environnant  contient  do  la  vapeur  d'eau  . 

Cea  rdactiona  ddnarrent  k  1800°K  e'eet  k  dire  nettement  au  desaoua  de  la  tempdrature  d'allumage,  les 
rdaetioaa  possibles  ae relent  lea  auivantea  i 

Be  +  HjO  — BeO  +  Hj 

l'hydrogkne  formd  pouvant  rdagir  avee  l'oxygkne  prdasnt  .  Ces  rdactiona  exothermiquea  de  surface,  trks 
seneiblea  k  la  nature  des  gas  environnants  nodifient  par  l'apport  local  d'dnergle  lea  conditions  d'allu- 
aage  .  D'aprks  diverses  observations  il  reasort  que  l'oxyde  de  bdryllium  ainai  formd  eat  moina  protecteur 
que  l'alumine  et  la  tempdrature  de  2820°K  n'eat  paa  une  tempdrature  limite  . 

-  L'dpaisseur  de  la  eouche  d'oxyde  forade  ddpend  beaucoup  des  conditions  axpdrimentalea  et  en 
particulier  du  tenpa  de  adjour  de  la  particule  dans  lee  gaz  environnants,  ce  temps  de  adjour  dtant  fonc- 
tion  du  diamktre  de  la  particule,  l'dpaisseur  d'oxyde  ddpend  done  dgalement  de  ce  diamktre  ,  Une  particule 
de  grand  diamktre  (^/Ism)  peut  5tre  reconverts  d'une  couche  d'oxyde  importante  qui  va  diminuer  le  flux  de 
ndtal  vaporisd  et  limiter  le  taux  de  rdaction,  pour  eette  raison  le  ddnarrags  de  l'allumage  eet  lent  •  lu 
eontraire  pour  lea  partieules  de  petit  diamktre,  la  couche  d'oxyde  peut  Itre  faiole  ou  aim  inexistante 

et  le  ndcaniane  de  l'allumage  peut  Itre  celui  d'un  mdtal  volatil,  e'eet  pourquoi  on  peut  noter  auivant  le 
diamktre  dea  partlculea  des  tempdratures  d'inflimaatioa  diffdrer.tes  . 

-  Lea  pertaa  par  rayonnement  aont  plua  grandee  dansla  caa  du  bdiyllium  que  dans  la  ess  de  1' alu¬ 
minium  ,  ceei  pour  deux  raisons  i  l'dmisslvitd  du  bdryilius  eat  de  0,6  alors  qu’elle  eat  de  l'ordre  de  0,1 
avee  1 'aluminium  ,  la  tempdrature  d'allumage  du  bdryllium  eet  plus  dlevde  q.ie  cells  de  1 'aluminium,  Le 
tempa  adeeseaire  peur  porter  la  particule  de  T0  k  T  en  tenant  oompte  du  rayonnement  est  dgal  k  i 

Scd.  fT d7 _ 

6  J y. C £  -V-ec r\t 

v  T0 

nCBX  ladiqu«  que  pour  wnentr  une  perticule  de  29 de  X*  tenpdrmture  aabiante  au  point  de  fuaion  du  *4- 
tal_(l556*K)  ,  4,3  ns  aont  ndeeesaires  et  7  ns  pour  paaaer  de  1556*K  k  =  2900°K  (^=  3  lOr^iial.em  . 
deg”  .  a”’,  Hu  =2  ,  £=0,6)  ,  aoit  au  total  11,3  ns, avee  une  particule  de  35/tf on  obtient  untempn  global  de 
17,6  as  ee  qui  correspond  k  un  exposant  du  diamktre  tie  l'ordre  de  2,4  •  Si  nous  adaettons  une  rdaotion 
ehimique  de  surface  l'dnergie  llbdrde  dtant  fonetion  de  T  et  de  la  cospoaition  X,  ,  on  obtient  i 

„  fCct*[r  olT 
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1'apport  d'faergle  a  la  surf act  tendant  k  diminuar  l'ezposant  da  d  • 

L'allumaga  das  fils  fait  apparaltra  las  mimes  difficult^*  ,  on  constat*  qua  la  beryllium  ast 
d'un  allumage  diffioila  ,  dans  1 ' oxygkns  pur  la  prassion  doit  Itra  supdrieura  k  1,1  atm.  ^es  aasais  aont 
trie  pau  reproduetibles.  Dans  1 ' oxygkne  la  tampdratura  d'allumaga  ast  da  l'ordre  da  2600°K  .  On  voit  trk* 
nettasent  sa  former  pendant  li.  phase  d'initiation  da  la  combustion  une  couch*  d'oryde  mais  qui  ne  protkge 
pas  la  mdtal  puisqua  la  tampdratura  d'allumaga  ast  lnfdrieura  h  la  tempdratura  da  fusion  da  l'oxyde  .  La 
traitement  subi  par  la  fil  da  beryllium  a  une  gross*  importance  ,  il  ddtermina  la  tenue  mdcarique  du  fil 
pendant  la  pdrioda  da  chaui'fage  ohmiqua  .La  tampdratura  d'allumaga  ast  abaissde  au  voisinage  da  1500°K  si 
las  gat  environnants  eontiannant  da  la  vapeur  d'aau)  dans  l'azote  la  combustion  ddmarra  k  une  prassion 
supdneure  k  35  atm  at  la  combustion  du  bdryllium  peut  ttre  ini  tide  k  1 100°K  an  prdsence  da  trlfluorura  da 
ehlore,  la  prdsanca  da  OlPj  amdliore  l'allumaga  an  rdduisant  de  faqon  apprdciabla  la  delai  d'allumaga  . 

Las  principalet  conclusions  aont  reprisea  an  ee  qui  concarna  las  fils  dans  la  tableau  suivant 

du  KUE2L  t 


Camburamt 

prassion  (atm) 

Temperature 

d'allumaga 

Comburant 

Preaaion(atm) 

Temperature 

d'allumaga 

02  +  inert# 

0,17-  66 

2400  Tt  2600°K 

BjO 

6,8 

1000  -1500°K 

6,8  -  66 

allua.  aieatoira 

H2O  +  imerta 

6,0  -  34 

1000  -  1500 

»2 

34 

2350°K 

COj/HCl/Rj 

34 

2100  -  2500 

C1F? 

0,5  -  1,2 

1073  •% 

COj/HjOAIj 

34 

1200  -  1500 

UlFj  +  imerta 

10  -  11 

1100  "X 

Cl?y'C02/HCl/N2 

1,7 

1550#K 

-  B  -  COMBUSTION  -  La  combustion  ast  ralativamant  aisde  arms  das  particules  at  trka  dlffieil*  at 
aldatalre  laraqu'on  part  da  fils  .  Considdrona  eosme  pour  l'aluainium  deux  eas  suivant  qua  la  combustion 
a  lieu  dans  un  gas  ddpourvu  d'hydrogina  at  de  vapeur  d'aau  au  dans  un  gas  eontenant  da  l'hydrogkne  . 

Dans  la  premier  eas  la  tamps  da  combustion  eat  plus  court  qua  celui  da  l'aluminium  at  la  proces¬ 
sus  de  combustion  ast  ceiui  d'une  flamme  de  diffusion  rdsultant  de  la  rencontre  d'un  flux  de  vapeur  de  *- 

bdryllium  a vac  un  flux  gazeux  comburant.  La  rapport  du  diamktre  de  la  flamme  au  diamktre  dc  la  particula 
mdtallique  ddcroit  lorsque  la  fraction  aolaire  d'orygkne  augments  (  1,3  k  1,4  pour  XQ  =0,36  at  da  1,1  k 
1,2  pour  X-  =  0,16  ,  le  diamktre  da  la  particula  dtant  de  32 /L)  ,  Cette  ddcroisaanci  peut  6tra  ati.rlbude 
k  la  ddcroiSsance  da  la  tempdratura  avee  XQ  mais  dgaleoent  k  la  diminution  du  flux  d'oryde  a  la  surface 
du  mdtal  venant  de  la  zone  da  combustion  .  Se  tamps  de  combustion  ast  atnaiblement  proportionnel  au  carrd 
du  diamktre  de  la  particula,  ce  qui  Just if is  le  oodkla  classique  avee  une  flamme  de  diffusion  en  phase 
gazeuse  at  inversement  proportionnel  k  la  fraction  molaire  d'oxygkm*  avee  un  expoaar.t  infdrieur  k  l'unitd. 

Une  dtude  thdorique  conduit  pour  une  particula  de  32  JJ-  k  un  temps  de  combustion  de  1,2  ms  et  i'rrpdrlea- 
ee  donne  1,3  ms  pour  Xq  >  0,43  .  Lorsque  la  temperature  du  gaz  err.-u.onnant  eat  s  pdrieur  k  la  tempdratura 
ae  fusion  de  l'oxyde  ,  8n  recueille  aprks  combustion  ,  dea  aphkrea  d'exyde  de  bdryllium  dont  le  diamktra 
ast  infdrieur  au  micron  ,  par  contra  lorsque  la  tempdratura  eat  infdrisure  ,  lea  ddpftta  aont  beaucoup  plus 
grossiers  at  l'on  observe  par  exemple  dea  bttonnets  da  BeO  de  10 yUde  hauteur  environ  .  L'oxyde  da  bdryl- 
lium  peut  diffuser  k  la  fois  veva  la  particule  et  vara  l'extdrieur,c'est  pourquoi  on  trouva  en  fin  da  com¬ 
bustion  at  pour  lea  faiblas  concentrations  an  oxygkne  dea  particules  dont  le  diamktre  eat  un  pau  infdrieur 
k  celui  de  la  particule  avmnt  combustion  .  Une  forte  partis  da  BeO  (  environ  6($)  ae  retrouve  sous  cotta 
forme.  Le  mdeanisme  de  rdgresaion  de  la  particule  devant  comp rend re  une  vaporisation  du  mdtal  at  une  ag- 
glomdration  continue  d'oxyde  k  la  surface.  Une  Idgkre  rotation  dea  particules  eat  observde  durant  la  coae- 
bustion  ,  due  k  une  diaaymdtrie  dans  la  ddpBt  d'oxyde  k  la  surface  . 

Dans  le  caa  d'une  combustion  dans  un  gaz  comburant  eontenant  de  la  vapeur  d'eau  ,  la  mode  de 
combustion  eat  aasez  voisin  de  celui  observd  dans  un  gaz  aae  . 

On  observe  qua  le  rapport  du  diamktra  da  la  flense  k  celui  da  la  particule  eat  plus  faible  (da 
l'ordre  da  1 , 1 )  ,  on  observe  dans  ce  caa  pau  de  fines  particules  d'oxydea  mais  plutfit  dea  fragments  de 
gdomktrie  irrdgulikre  ;  1' introduction  de  H^O  allonge  lkgkrsment.  le  tamps  de  combustion  • 

la  combustion  du  fil  de  beryllium  a  donnk  des  rksultats  dkcevants  at  il  eat  difficile  £ '  >n  dk- 
duira  une  philoaophie  eohkrente  . 

MAGNESIUM  -  Le  point  de  fusion  du  magnesium  eat  voisin  de  eelui  de  l’aluminium  923°K  at  le 
point  da  vaporisation  beaucoup  plus  faible  1376°X  ,  par  contra  la  puint  da  fusion  de  l'oxyde  eat  beaucoup 
plua  klavk  3073  °K  at  pau  kloignk  de  as  temperature  de  vaporisation  3373°K  .  L'allumaga  du  nagnksium  eat 
ralativamant  facile  at  mkcessite  dea  tempkraturaa  nettasent  infkriauraa  k  cella6  prkckdennent  trouvkes 
pour  1 'aluminium  at  le  beryllium. Lee  experiences  de  UaSSEL  at  LISBMAN  ont  donnk  lea  rksultats  auivanta  (^7) 


Composition  du  comburant 

Temperature  d'allunage  an 
^  da  la  ijrtieule 

fonetion  du  diamktre 
(°K) 

80  120 

AIR 

1015 

950 

925 

910 

02  +  4  A 

IC-^ 

940 

915 

900 

o2  +  4  a* 

1065 

1025 

995 

975 

On  note  une  diminution  de  la  temperature  loreque  le  diamktre  de  la  particula  erolt  ,  la  nature  du  diluant 
modlfia  la  temperature,  1 ' augmentation  de  la  temperature  avee  l'heiium  peut  Itra  due  k  un  acoroissement 
de  la  conduetibilite  tharmique  du  ga»  /  X  /  X 

>2+4  A)  <  A  AIH  <  0,  +  4  Ha  * 

Las  temperatures  d'tllumage  obtenuas  avee  l'oxygkno  sent  aasez  voisines  de  eellea  determines  Ians  l'air  , 

Lea  particules  da  magnesium  brftlent  dans  l'air,  dans  1' oxygkne  at  dene  daa  melanges  0„  ,A2,  He  avee  une 

flamme  da  diffusion  at  la  reaction  eat  gciuvernea  par  la  diffusion  de  l'oxygkne  j  lea  rlsidua  aont  eonati- 
tuis  par  da  fines  particule*  at  daa  aphkras  erauae*  d'oxyd#  de  magnesium  . 

La  combustion  dea  file  at  dea  rubona  da  magnesium  a  fait  apparaltra  lea  mimes  phenoaknas  at  a 
lieu  dans  uae  largt  gam*  de  proasiona  et  de  temperature*  rn  phase  vapeur  •  La  variation  de  la  vitcas* 
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ds  eonbusti on  d'un  fil  ast  dorm  4*  an  foaotion  da  la  praaaloa  aur  la  figure  11  (A&)  .  La  rlteaaa  varia 
rapidamant  Jusqu'k  5  atm  ,  la  eombuation  Atant  contrilA#  par  la  diffusion  du  comburant  Tera  la  sona  da 
rAnction  ,  las  dApJta  goat  constituas  par  das  fines  partloulea  da  KgO  .  Au  dslk  da  eatta  prssslon  la 
dlffusloa  da  1 1  oxygkn#  ast  fra  Inks  par  las  particular  aolldas  da  KgO  prdaantss  daaa  la  mm  da  aombustisa  . 
A  das  pnssloas  plus  AlavAes  ,  on  nota  das  irrAgularitAa  qui  paurant  proranir  du  ehangamsnt  da  prepriAtAs 
physique*  da  la  eoueha  solids  ou  liquids  d'exyds  poraux  antoursnt  la  partloula  at  formant  uae  eoquilla  , 
KIRSCHFELD  poasa  an  affat  qu'k  haute  pnasion  autour  da  la  partis  la  plus  bassa  du  fil  so  form*  uae  eoquil¬ 
la  liquids  ou  solids,  l'lnt Ariaur  da  la  eoquilla  ast  rempli  da  vapour  adtallique  k  haute  pnseioa  qui  dif¬ 
fusa  k  travars  la  parol  da  la  ooquille  ,  la  combustion  pnnant  plana  k  1' ext Ariaur  da  oella-ol  ,  la  mAaa- 
aisaa  dAtermlnant  Atant  dans  ea  oas  la  diffusion  du  mAtal  .  On  pout  Agalement  cone avoir  on*  diffusion  da 
1 ' oxygkne  vers  l'iat Ariaur  at  une  combustion  dans  eatta  sons  .  Si  la  eoabustloa  a  lieu  dans  una  atmosphk- 
ra  eon tenant  da  la  vapour  d'aau  on  note  una  diminution  da  la  vltassa  da  combustion  loraque  la  concentra¬ 
tion  an  sau  augments  .  MELLOR  at  QLASSKAH  oat  trouvA  qua  las  rubans  da  magnAsium  as  brdlant  pas  daaa  uae 
atmosphkra  da  CO2  • 

Sans  da  noabreuAea-aoaditloas  la  combustion  du  magnAsium  sa  fait  suivant  us  processus  da  d iltvt- 
sion  avae  p  reduction  d'una  funds  con  tenant  da  fines  partieulas  da  KgO  ,  HARKS  TEN  a  AtudiA  eat  .5  .■Aaetiam 
hAtArogkn#  at  a  pu  oooparer  la  processus  ehimiqua  at  la  proeesaus  da  diffusion  qui  lntervlent  du* mt  1* 
condensation  du  NgO  (14)  .  La  eomparaison  da  oes  deux  mAeanisaaa  (  da  diffusion  at  ehimiqua)  sa  fait  ea 
gAnAral  k  l'aido  du  module  da  TOIELE  V,  /  3  Cm  comparer t  par  example  dans  la  problkma  plam  un 
tamps  da  diffusion  (  oil  est  una  longueur  d'Aehange  at  &  un  coefflolant  da  diffusion)  at 

un  tains  chiadque  C»/#C^)(  au  C,  ast  la  ooaeantratioa  d'una  aapkos  rAaglssant*  k  1' absciss#  j.  «  at 
la  tauz  da  production  ehimiqua  ).  Pour  uae  reaction  du  premier  erdra  HARKS  TEN  utilise  le  paramk 
tra  V,  V./9  oh  "k  ast  la  vitessa  spAcifiqu*  da  rdaetion  .  Sn  adaattant  pour  4  la  valeur/S  '/<  ah 

ast  l'afficaeitA  da  eollision  at  It-  la  vltassa  moldculalr*  moyenna  ,  on  obtisnt  Wf* _  ft] - 

jL  A  tent  la  libre  parooura  moyem  |  la  passage  d'un  processus  eontrllA  par  diffusion  a  £  proeea."  eom- 
trllA  par  reaction  ehimiqua  sa  fait  k  una  longueur  oaraetAriatique  da  U02  { f3  V  0,1)  .  La  determination 
da  4  i,/3  a  mentrA  ,  dans  la  caa  du  magnAslum  ,  la  prAdominanee  des  rAaotions  hAtdroghnes  sur  des 
reactions  en  phase  gasausa  sulvlee  d'una  condensation  . 

BORE  -  Una  Atudu  fondsmsntale  sur  la  combustion  du  bore  a  AtA  entreprise  k  A  R  C  par  HACBC 
(16)  .  Notons  tout  d'abord  qua  las  points  da  fusion  at  da  vaporisation  du  nAtal  aont  respectivemsnt  da 
2450°K  at  3931  °K  at  pour  B,0-  723"K  at  231 6*K  .  L' alienage  par  laser  des  partieules  da  bare  da  60  k  80/* 
daas  l'air  k  la  pressiaa  atnosphAriqua  conduit  k  una  combustion  an  deux  Atapes,  aprhs  10  k  20  ns  ,  la 
aoabustion  dAmarre  puis  s'arrtt*  bruaquamant  ,  1' extinction  est  seuvent  conplkta  nais  parfols  la  partloula 
as  rAalluma  at  brflle  eooplktement  avae  use  flsmme  brillamta  ,  la  temps  total  da  oambuation  Atant  do  l'or- 
dre  de  100  as  .  Des  partieulas  de  40  et  45/u  introduces  dans  des  gas  brftlAa  combumnts  (  pro  salon  par¬ 
tialis  da  0,  -  0,1  atm  )  dent  la  tampArature  ast  comprise  antra  2300  at  2900  °K  brfllsmt  Agalement  am  deux 
Atapes,  os  phAnomkne  Atant  obssrvA  dans  uae  flanme  axanpta  au  nontenant  HjO  .  L'allumtge  da  la  partloula 
a  lion  leraque  sa  tampArature  attaint  environ  2000°K  ,  la  d Apart  da  la  combustion  est  franc,  on  note  urn 
noyau  central  trks  lunineux  amtourA  par  uma  omveleppo  gaxeuse  da  eeuleur  vert*  earaotArlatiquo  das  sye- 
tkmas  gasoux  k  haute  tampArature  santaaaat  du  bers  t  ansulta  la  acabuation  s'arrtt*  ,  B'aprka  MACH  ,  le 
tempa  de  eembuation  pour  doo  partieulas  da  40  yU-  eat  4#  2  k  3  nr  ,  le  temps  d' extinction  da  3  no  .  On 
ossioto  onsuite  k  un  rAollumogo  ot  k  un#  combustion  conplkta  da  la  partieula  durant  environ  13  ms  .  Dsns 
las  almas  conditions  la  tamps  da  aombuation  d'una  partieula  d'nluniniun  ou  da  bAxylllum  ast  d'anvlron 
5  me  •  Catta  combustion  an  deux  Atapea  paurrait  a'axpliquar  par  un  dApIt  d'oxyda  protaetaur  sa  formant 
k  la  surfaee  da  la  partieula  pendant  In  phase  d'allumage  st  da  combustion  primnire  |  eette  eouehs  fait 
Acram  antra  la  gas  comburant  at  la  mAtal  step pant  tout  Aehang*  antra  eonburant  at  oombustibla  at  pr—requamt 
l'axtinction  ,  Par  la  suit?  las  gas  chauds  antourant  Is  particule  vaporisant  la  couohs  d'oxyda  dont  la 
tampArature  d'Abullitioc  eat  da  2316°K  ,  cette  vaporisation  d'oxyda  l-Adult  encore  momentanAmenc  la  diffu¬ 
aion  du  comburant  vers  1  partieula  ,  loraque  la  eoueha  d'oxyda  a  disparu  un  deuxikme  allunage  inter-riant 
aveo  combustion  oonplkte  de  la  partieula  ,  II  aemble  qua  durant  eette  deuxikme  combustion  la  oouohe  d'a- 
xyda,  ai  alia  sa  forma  ,  n'aat  plus  protaetrios  ,  eala  peut  tanir  k  una  augmentation  da  In  tampAratura 
da  aurfaoe  da  In  partieula  aupArieure  A  la  tempArature  da  vaporisation  de  l'oxyda  alors  qua  ,  lora  du 
premier  allumage,  la  tampAratura  da  surfaee  ast  da  l'srdre  da  2000«K  • 

NODE  DE  COMBUSTION  DE3  NETAUX 

L'axposA  d*a  rAuultats  oxpArimantaux  mantra  la  eomplaxitA  daa  problkmaa  at  la  diffieultA  qu'il  yak  oons- 

truire  un  aehaea  repricantatlf  da  la  oonbustiem  des  mAtaux.  BRZUSTOVSKI  st  CLASSMAN  (^d)  sat  diviiA  las 

aAtaux  an  deux  group#*  1  a  -  lea  mAtaux  volatile  comma  Li,  Na,  K  ,  tig,  Ca  qui  ont  les  propriAtAs  suivnntesj 

-  la  mAtal  1  ur.a  tension  d«  vapeur  da  plus  da  1  na  da  Hg  k  1000°K 

-  la  phase  liquids  Iv,  r.Atal  as  aitua  dans  un  domains  da  tampAratura  inf Ariaur  k  la  phase  liquids  da 
l'omyde  , 

-  la  temp*-'  a 'fli'iHtiom  du  aAtal  eat  nat tenant  infAriaura  k  ealla  da  l'oxyda  , 

-  la  tempi  tm  do  '’  elan  du  mAtal  eat  bass?  comparAe  k  la  tampAratura  da  fin  da  combusti.ua  , 

-  las  oxyde  i  .  ■  :  xA-i  nr.:  poraux  car  la  volume  da  l'oo^de  aa  inf  Ariaur  au  volume  du  mAtal  eeasumA  pour 
former  l'exydc  . 

b  -  los  aAta-  ■  divioAa  an  troia  groupas  comas  Al,  Be  ,  Si  qui  ont  dos  oxydao  insoluble*  , 

Ti,  Zr  dost  •> ,  ..  ent  aolublas  at  u  oymnt  eon  oxyda  volatil  at  pour  leaquals  nous  pouvoaa  fair*  las 

ramarquas  v  •  < .  < 

-  las  >  ■■-■■ix  ilsaaAa  k  partir  da  la  propriAtA  daa  oxydaa  ear  eello-oi  dArinit  lo  mAoanism*  do 

combustion  ,  V..  n.  .4  ont  daa  oxydaa  qui  adhkrant  k  la  ourfae*  sAtalliqu*  freinant  la  pAnAtmtion  du 
comburant, 

-  loroqu  : ■  j  u  oolubilitA  antr*  l'oxyda  ax  1*  mAtal  l'intarfae*  dlaparalt  at  l'oxygkn*  paut  diffuser 
k  travars  uxyda, 

-  las  oxydes  das  aAtaux  Al,  Be,  Ti,  Zr  ant  un*  tampArature  d'Abullltloa  qui  axakds  la  tampAratura  d'ibul- 
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litiom  du  adtal,;  las  oxydsa  du  SI  at  du  Bora  oat  urn  point  d'dbullition  lafdrieur  au  point  d  'dbullitiom 
du  adtal,  da  ea  fait  Al,  Ba,  ft  at  Zr  pauyant  trflier  an  phaaa  rapeur  auirant  una  flams#  da  diffusiom  alora 
qua  Si  at  B  aa  la  peurent  paa  • 

i  l'aidt  de  catta  elaaaificatioa  BRZU3T0VSKI  at  QLASSMAN  oat  essayd  da  prddire  laa  aodaa  da  combuetio* 
posaiblaa  du  adtal  an  dderirant  ehaque  foia  la  adeaniaM  da  transfart  prdponddrant.  MASKS TE IN  (/«)  olaaaa 
lea  aodaa  possible*  da  combustion  an  troia  caa  i 

a-  oxydation  lanta  loraque  la  taapdrature  da  rdaetion  aat  inf dri cure  k  la  taapdratura  d'dbullitioa 
du  adtal  at  da  l'oxyde  (figure  12  a)  (  eas  du  cireoniua).  Una  eeueha  d'oxyda  aa  foraa  k  la  surface  du  md- 
tal  ,  l'oxygkne  allant  Juaqu'k  la  surface  du  adtal  ai  la  eoucha  eat  poreuae  at  a'arritant  k  la  aurfaee  ua 
l'oxyde  loraque  la  coucbe  est  proteetrice  , 

b  -  combustion  k  la  surface  ai  la  taapdrature  da  rdaetioa  est  de  l'ordre  da  grandeur  da  la  teapdra- 
tura  d'dbullition  de  l'oxyda  ella-adne  dtant  infdrieura  k  la  taapdrature  d'dbullitioa  du  adtal  (caa  du 
aolybdkae)  ,  oa  note  dans  ce  cas  una  rdaetion  hdtdrogkne  de  combustion  k  la  surface  , 

e-  aafin  combustion  en  phase  Tapeur,  loraque  la  taapdrature  da  rdaetion  eat  comprise  eatre  la  tenpd- 
rature  d'dbullition  du  ad*al  at  da  l'oxyda  (  caa  da  1* aluminium).  Dana  ca  schdaa  (figure  12  e)  una  rdaa- 
tioa  ehiaiqua  homogkne  aa  phase  gazeuse  a  lieu  loin  de  la  surface  at  dr.ut  rdactiona  ehiaiquea  hdtdroganaa 
peurant  prendre  naissanee  l'une  pres  de  la  surface,  l'autre  an  fin  da  combustion  arec  formation  d'oocyda 
eondanad. 

La  classification  daa  nodes  de  combustion  k  partlr  das  proprietds  physiques  at  chimiquea  du 
ndtal  at  daa  oxydea  sous  parait  inteTassanta  at  permet  d'obtenir  pou-  chaqua  adtal  un  achdna  Tillable,  11 
aoue  aemble  capandant  qua  la  problem*  aat  beaucoup  plus  complexe  at  qua,  auirant  la  domains  axpdrlnentd, 
oa  paut  ddfinir  pour  un  mafia  adtil  plusieura  modes  da  combustion  posaiblaa.  Si  mourn  prenons  par  example 
la  Bora,  la  combustion  sa  fail  en  deux  d tapes,  la  processus  change  done  en  fonotion  du  temps,  ce  proces¬ 
sus  eat  modlfid  dgalement  auirant  la  nireau  de  presaion  utillsd  at  salon  la  nature  dna  gas  comburants  , 

11  a'y  aura  done  pas,  pour  un  adtal  ,  un  sehdma  unique  .  Pour  expliquer  ea  point  da  rue  nous  alloms  ana¬ 
lyser  quelquas  modes  possible*  interrenant  dans  la  combustion  da  l'aluainiua  .  Lorsqu'on  examine  la  figu¬ 
re  1  reprdsentant  la  combustion  interroapue  d'une  particule  d 'aluminium,  on  note  una  combustion  symdtrl- 
qua  an  phase  rapeur  etla  processus  principal  aemble  Itra  celul  qui  rdgit  la  combustion  d’una  goutta  d'hy- 
drocarbure  brdlant  dans  l'air.  Sous  l'affat  Ha  la  taapdrature  da  fin  da  eoabustion  dlerde  la  flux  da  eha- 
laur  transmie  k  la  goutta  ntporlsa  la  ndtal .  un  dcoulement  da  rapeur  s'dtablit  ayant  pour  source  la  sur¬ 
face  du  metal  ,  una  tone  da  combustion  apparalt  k  una  certaine  distance  de  la  particule.  La  comburant  pd- 
nktra  par  diffusion  dans  la  tone  da  combustion  at  las  produits  gasaux  formda  diffusent  rare  la  particule 
at  rers  l'axtdrieur.  Ce  aohdma  simple  a  dt i  la  support  da  nombreusaa  thdorlea.  In  dernikre  en  dais  dm 
R.P.  WILSON  (  19)  indique  qua  catta  thdorie  sitplifide  parmet  de  prdroir  la  constant*  de  combustion  k 
±  90  %,  catta  diffdrenca  prorient  surtout  d'una  mdconnaiS3anca  das  paramktres  da  trmnafert  entrant  dans 
la  calcul.  Catta  thdorie  aimplifida  prdreir  una  loi  an  d2  en  fonction  du  te»y-,  loi  rdriflda  par  laa  rd- 
aultata  experiment* u*  (roir  figure  13). Cette  loi  mn  d2  iadiqum  una  prddouinancs  das  phdnoaknea  de  diffu- 
siom,  laa  rdactions  cbiaiquee  ayant  moins  d 'importance  .  Signal one  capandant  pour  das  particule*  dost  la 
diamktr*  aat  compria  antra  350  at  450 /*•  PRfflTICE  indique  (  eomburar.t  0.,,Ar)  una  rariation  lindair*  du 
tempi  de  combustion  arac  la  diamktre  Has  partieules  (20)  .  Ca  achdma  sa  compliqu*  un  p«u  par  suite  da  la 
formation  en  fin  da  combustion  d'une  poussikre  d 'alumina,  catta  prdsanca  da  partieulaa  dtant  la  rdaultat 
d'uae  rdactics  hdtdrogkne  ou  d'une  rdaetion  homogkme  auirim  d'una  condensation  da  l'oxyde  formd  ;  11  **•- 
ble  qua  dans  la  caa  de  1 'alumina  ca  soit  plutSt  an  prdaane*  d'uaa  rdaetion  hdtdrogkra.  Ca  nuage  da  fines 
partieulaa  prend  naiasanoa  dans  la  sons  da  combustion  pula  aat  entralad  par  lea  gas  br<Uds.  Una  dtuda 
baliatique  de  la  trajectcir*  de  caa  partieules  d'aluaina  serai t  intereseantej  en  premikre  approximation, 
le  diamktre  de  cellae-ci  dtant  infdrieur  au  micron  ,  on  paut  dire  qu'allea  auirant  aana  retard  las  gas 
brSlds,  on  fait  alors  l'hypothkae  du  quasi-gas  .  La  gouts  d'aluminlum  en  combustion  dtant  plaode  dana  urn 
dcoulement  11  en  rdsulte  qua  la  sons  de  combustion  sit  en  partis  sphdrlque,  las  produits  brttlda  s'dchap- 
pert  dana  le  sens  da  1’ dcoulement  en  formant  una  queue  .  Las  partieulaa  d  'alumina  sont  pour  la  plipart 
situdea  a  la  fi.-ntikr*  de  l'dcoulament  comburant  extdrleur  at  de  l'dcoulement  fond  par  las  gas  brftldm, 
du  efit*  due  *-«.!  brfllds.  II  aerait  done  utile  dana  1*  sehdma  de  tenir  eoapte  da  cat  mffet  oonrectif.  Cm 
note  sur  la  figure  1  pluoieurs  cones  d' accumulation  das  partieulaa  at  PRflJTICS  eonclut  (e)  t  "  las  nmi 
de  distribution  obserrde*  sur  la  figure  1  indique  una  structure  de  flams*  complex*".  II  faut  oepandant 
Btr#  pruusnt  dans  1' interpretation  ,  una  cone  de  combustion  simple  paut  donner  naiasanc#  k  das  sonas  dm 
ddpart  complexes.  31  nous  examinons  la  figure  14  par  example,  la  plaque  de  rarr*  dtant  placd*  perpanii— 
eulairamsnt  k  la  t.-ajeetoire  da  la  goutta  d'al'iminius,  on  aura  una  premikre  sons  d'aeeumulation  corrae- 
poadant  k  la  sphkre  antourant  la  goutta,  ensuite  un*  dauxikoa  cone  proronant  dta  poussikre*  situdea  k  la 
surf see  da  la  queue. 

1*  prdsanca  d 'hydrogens  ou  d'acote  dans  le  gas  comburant  fait  naltre  k  la  aurfacs  da  l'alumi- 
nium  una  calotte  d'oxyde  qui  a'dtala  sur  la  goutta  au  coura  da  la  combustion  .  Ce  phdnomkn*  apparel saunt 
tree  certainea  eapkees  doit  done  aroir  una  origins  chimique  .  On  admit  en  gdndrml  que  am  formation  eat 
du*  k  dee  rdactions  de  surface,  male  on  paut  anriaegar  un*  eeabuetion  disaymdtrique  eon*  indiqud  mur  la 
figure  15.  Durant  la  period*  d'allumage  una  couch*  d'oxyde  a'aat  formd*  k  la  surface  *t  aprk*  oett*  phase 
la  pellieul*  eat  brisd*  at  l'alumine  ae  rmaaeabl*  an  ua  paint  d*  1*  aurfacs;  par  suit*  da  la  prdaanaa  dm 
eat  deren  il  a'y  a  plus  au  deasua  ds  l'oxyde  dt  rapeur  d'aluaiaiua  puiaqu#  nous  aron*  ru  qua  1 'alumina 
fsrmait  urns  couch*  noa  poreuae,  eet  aeraa  a  deux  effete  t  tout  d'abord  l'aluainiua  rmporlad  a'aat  plus 
injeetd  k  la  aurfaee  da  la  calotte,  1*  gas  coaburaat  prdsant  tout  prks  d*  la  oalette  eat  ^atraiad  par 
I'dooulament  Tenant  aoit  d*  la  surface  du  adtal  aoit  du  deasoua  d*  la  calotte  dans  1*  caa  oil  il  n'y  a 
paa  ua  coataet  parfait  entre  1*  adtal  et  l'oxyde.  Oa  rdaliae  done  deux  jets  parallkles  de  comburant  et 
da  combustible  arec  poaaibilitd  de  combustion  tout  prke  ds  le  aurfaee  ,  l'alumine  formda  dana  catta  some 
de  combustion  at  da  eoadansatioa  a  le  poasibilitd  de  sa  ddpoaar  k  le  pdriphdrie  da  la  oalotte  augmantant 
prograaairnmant  sea  dimansiona  .  Nous  royons  done  apparaltre  deux  echdnae  possibles  i  a  -  un  sehdma  cymd- 
triqu*  areo  eombustian  an  phase  rapeur  at  poaaibilitd  de  diffuaioa  da  l'oxygkn*  jutqu'k  la  surfao*  et 
d 'oxydation  aaoondaire  k  la  surfaoa  arec  formation  d'una  coueha  d'alumine  diminuant  1*  flux  ds  rdtal  repo¬ 
rted  ,  dea  parcellsa  d'alumin*  liquid*  pourant  Itr*  entralndes  par  l'dcouleosnt  d*  la  euxfae*  rer*  la 
flamm*  t  dans  eatt*  reprdeantation  il  aat  diffieil*  d'admattr*  la  diffusion  da  l'alumine  eondened*  rer* 
la  surface  ,  la  prdaenoo  d'alumin*  n*  peut  prorenir,  dans  un  sehdma  aymdtrique  ,  qu*  d*  la  diffuaioa  d* 
l'oxygkne  ou  de  certainea  eepkoea  com*  l'asot*  (  formation  ds  nitrur*  d'aluoinium  ooadensd  ou  d*  compo- 
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•4a  faisant  intervenir  (  N  ,  41  ,  et  0  )  ou  de  la  condensation  d'un  oxyde  gazeux,  le  produit  gazeux 
AljOi  s'il  exists  diffusant  de  la  zone  de  combustion  vers  la  goutte  et  venant  se  condenser  k  la  surface 
du  metal  •  b  -  On  achdma  dlaaymltrique  car  la  presence  k  la  surface  d' oxyde  change  complltement  l'dcou- 
lement  da  combustible  venant  de  la  goutte  at  de  comburant  arrlvant  de  la  pdriphdrie  ,  lea  ^changes  sont 
done  modifies  alnsi  que  lea  proceasus  de  combustion  et  de  condensation  .  De  plus  par  suite  de  la  presence 
d'un  dcoulemant  gdndral  lea  produita  de  combustion  ne  s' 4c hap pent  pas  de  la  zone  de  combustion  avec  une 
•ymdtria  sph4rique  mais  cette  dieaymdtrl#  agit  peu  sur  le  temps  ds  combustion  .  Soulignona  que  los  deux 
modllea  syn4triques  et  dissymdtriquea  sont  une  7ue  eimplifide  dee  choses  car  au  fur  et  a  mesure  que  l'on 
analyse  en  ddtail  les  phdnomlnaa  ,  on  ddcouvre  une  trie  grande  conrolexitd  caract4ris4e  par  une  surface 
hdtdrogena  ,  une  combustion  hdtdroglno  et  done  des  pro«4d4a  de  transfert  de  masse  et  d'dnergie  hdtdrogl- 
nes  et  il  eat  difficile  peur  l'inatant  da  tanir  compta  dans  uns  analyse  mathdmatique  da  cette  hdtdrogd- 
adltd.  Calla-ei  rarie  men  aculemant  avec  la  nature  du  xdtal  ,  la  nature  du  comburant  ,  la  pression  oaia 
encore  avec  le  temps  at  la  diaaltra  das  partieulea  par  exespla,  par  example  lea  ddplta  d' alumina  k  la 
aurfaea  da  la  gontta  mdtaliiqua  n'ont  pea  la  otma  dpaisseur  at  la  alma  structure  avec  lea  petitee  ou  las 
grossaa  partloulea  . 

On  observe  *n  groe  durant  la  combustion  trois  sortes  de  ddp6ta  t 
*»  une  pouesiers  de  partieulea  d'alumine  provenant  d 'une  combustion  an  puise  vnpeur  , 
b  -  lea  aphlrea  e reuses  d'alumine  dost  la  etructure  eat  lisse  et  rides,  la  forma  cion  de  ces  spheres 
n'aat  pas  encore  4iunid4aj  k  not re  avis  plusieura  mdcanlsmes  de  formation  peuvent  intervenir,  tout  d'a- 
bord  lersqu'on  augment*  la  pression  ,  la  vltease  ds  l'4eoulsment  vers  l'extdrieur  de  la  goutte  dimlnue 
et  lea  partieulea  d'alumine  4prouvent  de  la  difficult4  pour  auivrs  l'dcoulement  gazeux,  ces  partieulea 
m'accusulent  at  e'agglomlrent  pour  former  au  refroidissemont  une  sphere  creusa.  Ceo  spheres  peuvent  Itre 
form4es  4galement  it  partir  du  mdcanisce  deerit  sur  la  figure  15  ,  1 'alumina  •*  deposant  au  point  de  rer  ■ 
centre  das  deux  4eoulementa  comburant  et  combustible  ,  on  not*  bien  dans  certains  cas  sur  les  capsules 
ns  ddplt  d'aluaine  par  atrates  parallels*  (  figure  n45  de  la  r4f4rence  20)  ,  lea  ddplts  prdaentent  dans 
ce  aaa  use  ouvertnre  . 

c  -  dea  gouttea  d'alumine  du#  4  une  combustion  en  surface  que  l'am  rencontre  dans  dte  combustions 
4  haute  pression  . 

COMBUSTION  DU  METAL  DANS  UN  PRGPJSRGCL  SOLIDB  El  DANS  UN  COMBUSTIBLE  SOLIDE 

Dana  lea  foyers  ntilis4a  pour  la  propulsion,  la  combustion  dea  partieulea  mdtalliquea  a'affectue  dans  une 
embianert  trla  hdtdroslna  en  composition  ,  dsrs  ea  domains  ds  pression  dlffArent  de  celul  utllis4  dans 
l'axp4rinamtntian  dderlte  prdeddemment  at  dsns  un  4coulement  dost  Is  vitasss  varie  de  quelques  nitres 
k  plualaurs  esntaimes  ds  mitres  par  sseonde.  On  peut  done  as  dtoandar  ri  le  mdcanisma  d*  combustion  eet 
nodifid  ou  non  par  da  tallos  conditions  , 

COMBUSTION  DE  L’ ALUMINIUM  D0S  LES  PRQPERGOLS  SOLXDES  -  Les  partieulea  d' aluminium  int rod ui  Css 
dans  lo  propergol  jont  anrobdos  en  gdndotl  dsuia  la  matilre  plastique  ,  Sous  I'effot  de  l'dnergie  libdrde 
par  la  combustion  ,  la  matilre  plastique  disparait  laisaant  l  la  surface  une  dentells  const! tuda  par  lan 
partieulea  d'alumimiua  .  Ces  partieulea  sont  racouvertas  an  partia  d'une  mince  couohe  d' oxyde  qui  esptchs 
touts  agglomdrmtion  ,  aoua  l'affat  de  la  tempdrature  dlevda  dea  gas  brfllda,  cette  couche  eat  ddtruf-e  , 
une  f lamas  apparel t  l  un*  *xtrdaitd  d*  eat  ddifice  da  partieulea  puis  la  eoabustion  gagna  tout  l'ddifiea 
at  use  agglomdrmtion  da  1' aluminium  se  produit  avec  formation  d'une  goutte  .  U  dimension  dea  gouttea 
ddpead  dans  un*  large  mesure  de  1 'aluminium  contain  dans  lea  interstices  laisada  er.tr*  lea  cristau.-  de 
perchlorate  et  la  graanlonltri*  dea  gouttas  ddpend  de  la  distribution  da  ces  interstices  ,  On  obtiant 
done  l  la  aurfaea  du  propergal  dea  gouttea  dont  la  diamltre  peut  atteindra  quelques  centainca  da  microns. 

La  tamps  da  fusion  da  la  particula  d' aluminium  set  da  0,2  ms  h  70  atm  pour  une  particul#  d*  10 />■  et  d* 

2,4  am  l  1  ita  ,  il  eat  d*  6  am  l  70  atm  peur  un*  particul*  d#  100  IL  .  L*  temp*  d'agglondration  eat 
dgelamant  court  de  1'ordr*  d*  la  millisecond*.  Lea  gouttea  d'aluninium  sont  ensuite  antraindea  da ns  1'deou- 
laaant  ,  la  combustion  ddmarrant  prls  da  la  surface  du  propergol  .  Le  aouveusnt  des  goutten  en  comb  nation 
ddpend  dea  .'orose  appliqudo*  i  pemanteur,  accdldration,  forces  adrodynamiques.  Si  la  vitesse  des  gas  per- 
pendieulaln a  l  la  aurfaea  eat  relativeaant  faibla  (  da  1'ordra  du  mitre  par  aaconde)  dans  un  propul aeur 
l  nun  el  eemt.-al  la  vi  teams  la  long  da  la  aurfaea  oroit  trie  vita  puisqu'ella  peut  atteindr*  le  quart  da 
la  vitasaa  daa  gas  dans  la  canal  central  l  una  diatanea  da  la  aurfaea  da  1'ordra  da  100  A. .  La  elndad- 
erographia  l  grande  vitasaa  montre  qua  la  combustion  dsa  gouttea  d1 aluminium  aur  dehmatillon  da  proper- 
gel  eat  asses  voisiae*  d*  sell*  dderlte  l  partir  dea  axpdrlancaa  prdoddantaa  lermqua  la  gaa  comburant 
eoxtlent  da  1 'hydrofine  ,  d*  la  vapeur  d'eau  at  da  l'aaeta  .  Os  obaarve  prls  da  la  surface  una  premilre 
sens  da  combustior  avec  formation  d’une  calotte  at  una  flams*  da  diffusion  autour  da  la  parti*  non  protd- 
.  Cta  obeerve  dgalement  un*  rotation  d*  la  particul*  gg  court  d*  la  combustion  at  una  fragmentation 
da  **lla-ci  .  Let-  produita  condanads  lasua  da  la  combustion  ea  compoaant  ds  fines  parxiculss  ds  aphlrea 
ereuama  at  da  aphlrea  plainaa  d'alumine  (21)  .  Dans  un  propulseur  la  vitasaa  da  l'dcoulamant  dans  la  canal 
central  a  pour  affat  d'intansifier  las  dchangaa  da  aaaaa  at  d'dnergie  antra  la  particula  at  la  flamma  at 
da  dlminuar  la  tamps  da  combustion  ,  1' alumina  raeullllia  dans  l'dcoulement  as  prdaanta  sous  forma  da 
gouttea  dont  la  diamltre  moyen  eat  da  l'ordre  du  micron  ,  on  na  ratrouva  plus  da  aphlrea  ceuees  ou  da 
grosses  gouttea  .  Una  goutte  d* aluminium  de  50  jU.  d*  diamltre  initial  pmrtant  d*  la  surface  dm  propergol 
et  pdndtrant  dans  1 'dcoulemant  du  canal  central  attaint  au  bout  de  2  aa  una  vlteoaa  da  l'ordre  de  180  ms~* 
(figure  16)  et  paroourt  30  cm  .  Il  sat  alors  trie  difficile  l  da  tallos  vitasaea  d'avoir  experimental  ab¬ 
sent  un*  visualisation  daa  phdnomlnea  da  combustion  .  Nous  avons  vu  qua  la  goutte  d'alumlnium  quit tilt  la 
•urfaea  aoua  l'affat  eombind  daa  forces  appliqudaa  (  peaanteur,  aeodldration  ,  train  de)  .  Etna  urn  propul - 
aeur  on  rotation  ,  et  aoua  l'effet  d*  la  force  centrifuge  ,  un  plua  grand  nombra  da  gouttas  reata  l  la 
aurfaea  produiaant  daa  lrrdgularitds  (  formation  de  pulta)  , 

Lea  taohniciana  da  la  propulaicn  sont  intareeada  par  une  combustion  aompilta  du  ndtal  at  par 
la  formation  dans  1st  produita  b Hilda  da  gouttas  d ' alumina  dont  la  diamltre  ms  ddpassa  paa  la  micron  . 

Oaa  deux  conditions  peuvent  It re  rdalladea  a  -  en  formant  l  la  aurfae*  dea  gouttea  d'aluminiua  da 
petit  diamltre  ,  b  -  an  ample hant  pardant  la  phaaa  d'alluaage  la  formatiou  l  la  aurfaea  du  adtal  d'une 
touche  d' oxyde  protectrie*  ,  e  -  on  augmentant  la  turbulence  dans  la  onnal  eantral  ,  la  pulvd  rlsatiom 
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da  1' alumina  form da  pourant  Itre  ebtenue  par  us  sffst  mdcanique  • 

COMBUSTION  BE  L' ALUMINIUM  HANS  LES  COMBUSTIBLES  SOLIDES  -  (  Applioation  aux  systkmes  hybrid#*). 
Lea  partieulea  mktalliquss  sent  introduitea  dana  une  matikre  plaatiqua  dans  dsa  proportions  pourant  sllsr 
da  20  A  5<#  afln  d'obtenir  la  nanisms  da  parfomaneas  (  aree  laa  propergols  aolidaa  la  narlimn  da  pazfer- 
naneaa  a*  aitua  sun  environs  da  20$  )  .  La  ooaburant  ast  iajeetd  d ana  la  eanal  central  d'un  bloc  cylim- 
driqua  combustible  .  Sous  l'affat  da  l'Anergie  libdrAa  par  la  oonbuation  la  matUre  plaatiqua  ast  rapari- 
sde  llbdrant  la  metal  •  Central re nant  h  ea  qul  a  lieu  arts  laa  propargola  salidas  ,  la  ooaburant  ast  yrta 
da  la  surface  an  trka  falbl*  concentration  da  aorta  qua  lea  partieulas  mktalliques  sont  llbdrAaa  dans  urns 
atmoaphkre  combue tibia  .  I«  formation  d'oiydaBou  da  nitruras  k  la  surfaoa  ast  pau  probable  at  la  fusion 
da  css  partieulea  eat  trka  rapid#  ,  il  a*  1’orme  h  la  surfaoa  du  conbuatibla  das  gouttes  da  grot  dianktra 
dea  filets  llquldaa  ou  un  filn  liquids  continu  entrmind  par  l'kcoulement  gasaux  .  La  oonbuation  da  ea  r£> 
tal  ast  done  trka  difficile  at  la  randemant  du  foyer  faible  .  Pour  aadliorer  ea  randemant  on  dispose  da 
noebreux  noyena  physiques  at  ehimlques  .  Une  premikre  technique  consists  h  augnentar  la  turbulence  da 
1 1 Acoul ament  da  nanlkra  >»  oa  qua  la  eomburant  soit  amend  prks  da  la  surface}  on  paut  dgalement  placer 
an  bout  da  bloc  das  kcrtns  qul  erdant  dea  tourbillona  dans  laquals  las  dehanges  antra  gas  eomburant  chaud 
at  adtal  aont  accrue  .  II  oat  dgalement  possible  d'aglr  an  plapant  dana  Is  combustible  at  prka  du  ndtal 
dea  substances  qul  emplehent  la  formation  d'oxydes  ou  de  nitruras,qui  farorisent  la  ddnarrage  da  la  oom- 
buatlon  (  abalssamant  do  la  temperature  d’allumaga)  at  qul  augmentent  la  randemant  de  combustion  .  Cea 
subotancea  doivent  aglr  tout  prka  de  la  surf sea,  at  doivent  done  8tra  da  faiblas  dimensions  (  environ 
la  ceniikme  du  diamktre  de  la  particuls  ). 

CONCLUSION 

L'dtude  de  la  combustion  dea  md  taxer  ast  .  eomme  nous  venona  de  la  voir,  complex#,  mala  das  rdsultats 
lntaressants  ont  dtd  obtemia  au  cours  da  cea  demi  kres  arm  dee.  Dsns  lea  progrka  obtenua  ,  nous  noterona 
tout  d'sbord  la  definition  das  paramktres  qui  agiasent  sur  la  temps  d'allumage  at  la  temps  da  combustion; 
cea  d  oroides  intdresservt  direetement  las  apdcialiatea  de  propulsion  .  La  nature  dea  gas  environnante  joua 
un  trks  grand  rCla  et  par  suite  il  aat  possibla  d'orienter  le  choix  das  ergols  da  manikra  h  rdduire  Z 
temps  da  combustion  global  et  k  anoroltre  l'efficaoitd  de  la  combustion  . 

Las  progrks  sont  mo  ins  probants  sur  la  plan  fundamental  at  an  particulier  sur  la  definition 
das  mdcanisines  da  combustion  des  mdtaux.  Cast  un  problkme  compliqud  ear  il  n’eat  paa  possible  d*  defi- 
air  un  processus  unique  mala  une  interaction  da  plusieurs  qui  peuvent  mSme  dvoluer  pendant  le  temps  da 
combustion  . 

Dana  quelques  oas  ceperjant  dea  hypothkssa  simplifies  trices  peuvent  Itre  faites  et  lea  rdsul- 
tata  th<oriquea  obtenua  aont  assez  voisins  da  1' experience  .  L'abord  du  problkme  oomplct  eat  cependant 
difficile  puisqu'il  s’agit  d'aerotharmochimia  inatationnaire  ,  tridimenaicnnelle  avoc  trnnsfert  da  maaaa 
at  d'dxmrgie  par  diffusion  at  reactions  chimiques  ,  cea  reactions  ehimlques  pouvant  8tre  homogknes  au 
hdtdrogknea  . 
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Fig.  11  -  Vitesse  de  combustion  d'un 
Til  tin-  magnesium  (13) 


Fig.  12  -  Schema  de  combustion  des  metaux 


Fig.  H  -  Structure  des  protections 
d’alumine  sur  une  plaque  de  v  rre 


Fig.  15  -  Formation  de  la  calotte 
d’oxyde 


Fig.  13  -  Combustion  de  particules  d'aluminium 
dans  de  l'oxygfene  dilud  (WILSON) 


Fig.  16  -  Vitesse  de  la  goutte  ot  distance 
parcourue  en  fonction  du  temps 
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S'.'MMARlf 


The  paper  describes  a  calculation  procedure  used  to  predict  mass,  momentum  and  energy  transfer  in  a 
turbulent  pulverised-coal  flame  in  a  cylindrical  chamber,  the  geometry  of  which  produces  a  zone  of 
recirculatory  flow.  The  flame,  which  may  be  swirling,  is  axisyrametric.  The  elliptic  pa"tial- 
differential  equations  describing  the  flame  are  solved  numerically  at  a  finite  number  of  points  in 
the  flow  field.  The  procedure  includes  a  simple  model  of  thermal  radiation  which  assumes  that  net 
transfer  along  the  length  of  the  flame  is  zero. 

Results  of  calculation  are  compared  with  data  from  six  flanes  that  differ  in  respect  of  burner 
size,  fuel  fineness  and  input  swirl.  Prediction  is  fairly  good  for  the  non-swirling  flames  but  is 
less  satisfactory  for  swirling  ones. 

Possible  improvements  to  the  calculation  procedure  are  outlined. 
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IN  TH'l  FIVE  YEARS  1963-68,  The  British  Coal  Utilisation  Research  Association  {BCURA )  devoted  a 
considerable  effort  to  the  study  of  the  combustion  of  pulverised  coal.  This  is  coal  that  has 
been  crushed  and  ground  to  a  fine  powder  so  that  it  can  be  carried  as  a  suspension  in  a  stream  of 
air,  injected  into  a  combustion  chamber,  and  burnt  in  a  matter  of  seconds  or  less. 

A  comprehensive  review  of  the  information  needed  in  the  construction  of  mathematical  models  of 
pulverisea-coal  combustors  was  made  by  Field,  Gill,  Morgan  and  Hawksley  (1).  The  review  collected 
such  numerical  data  as  were  available  and  described  simple  one-dimensional  models  that  had  been 
developed  in  BCURA  and  elsewhere.  At  the  same  time  the  meagre  supply  of  basic  data  wa6  being  aug¬ 
mented  by  measurements  of  devolatilisation  and  burning  rates  of  closely-graded  coal  particles  under 
conditions  of  rapid  heating  similar  to  those  experienced  in  a  combuution  chamber.  These  measure¬ 
ments  are  equivalent  to  ones  for  a  single  particle  in  a  uniform  environment.  A  third  activity  was 
to  design  and  run  a  highly-instrumented  rig,  burning  pulverised  coal  at  rates  up  to  660  kg/h  (2,3). 
Using  this,  the  aerodynamic,  combustion  and  heat-transfer  phenomena  in  a  real  flame  were  studied 
systematically.  It  is  the  behaviour  of  this  rig  that  we  are  attempting  to  calculate,  using  results 
from  the  reaction  rate  studies. 

Earlier  attempts  at  calculation  (1,4)  have  assumed  either  plug  flow  and  lateral  uniformity 
along  the  whole  length  of  the  chamber,  or,  at  best,  a  simple  known  pattern  of  jet  spread  and  re¬ 
circulation.  Here  we  attempt  to  calculate  the  fl.ow  pattern,  as  well  as  burning  rates  and  heat 
transfer,  arid  we  also  permit  lateral  variation  of  properties. 

The  method  of  calculation  is  one  for  steady  turbulent  flow  that  was  developed  by  Spalding  and 
co-workers  (5).  The  procedure  is  to  integrate  the  differential  equations  for  mass,  momentum  and 
energy  transfer  over  small  volumes  of  the  flow  field  and  to  solve  the  finite-difference  formulae  so 
obtained  by  iteration,  starting  with  a  series  of  guessed  values.  A  critical  feature  in  the  success 
of  the  method  is  the  use  of  'upwind'  values  in  evaluation  of  convective  transfer.  One  of  the  early 
applications  of  the  Spalding  method  was  the  treatment  by  Fun  A  Spalding  (5,6)  of  a  cylindrical 
chamber  into  which  flow  two  gases  through  concentric  inlets  at  one  end.  The  flow,  although  axi- 
symmetric,  may  be  swirling.  The  walls  are  impermeable,  non-reacting  and  adiabatic.  The  gases 
react  at  infinite  chemical  rate  to  give  a  single  gaseous  product.  They,  and  the  prrauct,  are  non- 
radiating.  Fluid  density  and  other  properties  vary  greatly  from  point  to  point  and  the  method 
successfully  overcomes  the  computational  difficulties  that  this  presents. 

The  calculations  of  this  paper  derive  directly  from  those  of  Pun  &  Spalding  but  treat  a  system 
more  complex  in  three  respects.  Firstly,  the  flow  contains  solid  particles  that  react  at  a  finite 
rate  with  the  gas.  Secondly,  the  system  is  thermally  radiating.  Thirdly,  the  chamber  is  not 
adiabatic  but  has  cooled  isothermal  walls. 

COMBUSTION  OF  PULVERISED  COAL  IN  TEST  RIG 

The  combustion  chamber,  shown  in  outline  in  Figure  1,  consists  of  a  horizontal  cylinder  1.1  metres 
diameter,  6.1  metres  long  (2).  The  outlet  is  unrestricted,  so  combustion  effectively  takes  place 
at  atmospheric  pressure.  A  double-concentric- jet  burner  is  mounted  on  the  centreline  at  the  inlet 
end.  The  inner,  or  primary,  jet  carries  the  pulverised  coal  suspended  in  about  15  per  cent  of  the 
total  air  admitted.  This  is  pieheated  to  375K.  The  annulus  admitting  the  remaining  (secondary) 
air,  which  is  at  620K,  is  separated  from  the  primary  inlet  by  a  water-cooled  metal  ring.  Burner 
geometry  is  known  to  have  a  marked  effect  on  mixing  patterns  in  the  chamber.  This  has  been  studied 
using  a  number  of  different  (detachable)  burners,  some  of  which  contain  swirl  vanes  in  either  or  both 
inlets. 

The  furnace  wall  is  of  steel  and  is  water-cooled  along  its  length.  Entry  ports  for  sampling 
probes  are  provided  along  one  side.  T.iere  is  some  asymmetry  of  the  flame,  both  horizontal  and 
vertical,  but  it  is  small  enough  to  be  neglected.  apparent  asymmetry  of  non-simu! taneous  measure¬ 
ments  is  more  likely  to  arise  from  fluctuations  in  the  coil  feedrate,  which  is  the  most  difficult 
variable  to  control.  The  maximum  coal  feedrate  was  660  kg/h  but  in  most  tests  it  was  300  kg/h. 

The  overall  air-fuel  ratio  was  normally  some  2C%  above  the  stoichiometric  value.  Fuel  type  was  not 

investigated,  low-rank  bicuminous  coals  being  used  throughout.  The  fuel  normally  had  a  weight 
median  particle  diameter  cf  45um,  although  25um  and  BCum  powders  were  used  as  well.  The  overall 
diameter  range  of  the  standard  fuel  was  2  to  200um. 

Combustion  of  pulverised  coal  is  difficult  to  represent  quantitatively  owing  to  the  variety  of 
coal  types,  the  heterogeneity  of  even  a  single  type,  and  to  the  complexity  of  the  changes  that  take 
place  on  heating.  A  .ypical  fuel  fired  in  the  rig  contains  5%  by  weight  of  water,  and  10%  incom¬ 
bustible  mineral  matter.  Much  of  the  mineral  matter  exists  as  separate  particles  but  there  are 
composite  particles  also,  some  having  a  layered  structure;  about  2%  of  minerals  is  intimately  dis¬ 
tributed  throughout  the  coal.  The  dry  ash-free  coal  is  80%  carbon,  11%  oxygen,  5%  hydrogen,  the 
balance  being  mostly  nitrogen  and  sulphur.  It  has  a  calorific  value  of  33  MJ/  1  and  r-  ,uires  10.6 
times  its  mass  of  air  for  complete  combustion  to  carbon  dioxide  and  water. 

In  a  pulverised-coal  flame  the  particles  heat  to  1200K  in  0.1  s  or  less.  ;ring  heating  they 
soften  and  swell,  and  above  800K  they  lose  mess  by  emission  of  combustible  vo’.at  ;  matter.  At  this 
stage  the  particles  may  be  quite  rounded  and  have  large  internal  voids.  But  t’  re  is  no  uniformity 
of  behaviour  and  up  to  five  different  types  have  been  distinguished  visually.  he  char  residue  is 
mostly  carbon  and  burns  by  heterogeneous  reaction  with  oxygen  diffusing  to  '  .^rface.  Burning 
may  occur  internally  as  well  as  at  the  outer  surface;  it  results  partly  ir  .  reduct'on  of  particle 
density,  partly  in  a  reduction  of  particle  size.  This  char-burning  stage  -ay  overlap  decomposition. 
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Studies  of  Isothermal  decomposition  of  coal  particles  in  an  Inert  atmosphere  under  conditions 
of  rapid  heating  have  been  made  by  Badsioch,  Sainsbury  and  Hawksley  (1,7).  They  showed  that  the 
fractional  loss  of  mass  W  could  be  related  to  the  time  t  spent  at  tho  decomposition  temperature  T 
and  to  the  initial  volatile-matter  content  VMo,  as  estimated  by  a  « tf.ndard  slow-decomposition  test. 
The  relation  is 


W  s  VM0C(1  -  Cl)  (1  -  exp  C2  exp  (-Cj/DtJ)  (1) 

C,  Ci,  C2  and  C3  are  experimentally-dxtermined  conntants.  Typical  values  for  20um  particles  of  a 
low-rank  coal  (VM0  -  0.37)  decomposed  at  temperatures  in  the  range  800  -  1300K  are  C  =  1.3, 

C;  =  0.14,  C2  =  1.5  x  105s  and  C3  =  8900K. 


Isothermal  combustion  of  a  devolatiliced  char  has  been  studied  by  Field  (8,9).  The  rate  of 
removal  of  carbon  per  unit  of  geometric  surface  was  found  to  be  proportional  to  the  mainstream 
concentration  of  oxygen.  The  proportionality  factor  K  could  be  formed  from  two  coefficients,  one 
(Kd)  expressing  the  rate  of  transport  of  oxygen  to  the  particle  surface,  and  the  other  (Kq)  expres¬ 
sing  the  rate  of  chemical  reaction  at  the  surface.  Thus 


=  KPt.z  =  P02/U/Kd  +  1/KC) 


(2) 


where  A" 
c 

P02 

*T 

*g 

x 


kd  =  c*<Tgt75/* 

Kc  s  -  CS  ♦  C6Tc  :  T0>C5/C6 

rate  of  carbon  removal  (kg/m2s) 
partial  pressure  of  oxygen  (kg/32m) 
temperature  of  gas  (K) 
particle  diameter  (m) 
temperature  of  particle  surface  (K) 


(3) 

(4) 


Constant  Cm  is  calculated  from  diffusion  theory  as  4.99  x  10“l2s/K°‘ 75 .  It  Is  implicit  in  this 
that  the  first  product  of  reaction  at  the  surface  is  carbon  monoxide.  C5  and  C6  are  experimentally- 
detarmined  constants,  specific  to  the  coal.  For  low-rank  coals,  such  as  were  burnt  in  the  rig  tests, 
typical  values  found  are  C5  =  7,90  x  10 ”5  a/m  and  C$  s  6.4  x  10 "•  s/mK.  For  simplicity,  the  reaction 

rate  is  supposed  zero  at  temperatures  below  1230K. 


Partly  because  of  the  difficulty  of  identifying  precisely  the  processes  occurring,  and  partly 
because  of  the  need  to  avoid  excessive  complications  in  the  computational  procedure,  a  number  of 
simplifying  assumption?  have  been  made  concerning  the  behaviour  of  the  coal  during  heating  and  com¬ 
bustion.  These  are  described  in  subsequent  sections  of  the  paper. 

METHOD  OF  CALCULATION 


The  work  of  Pun  I  Spalding,  mentioned  above,  forms  the  point  of  departure  for  the  present  calculations. 
These  authors  reduced  the  partial-differential  equations  for  the  transfer  of  mass,  momentum  and  energy 
to  the  general  form,  in  cylindrical  polar  coordinates: 


r  lr'9Zz,>  r[¥z 


i"'  *  y 


br 


gai>] 


+  d  =  0 


(5) 


Here  ♦  represents  a  dependent  variable;  a,  b,  c  and  d  are  known  functions  of  the  variables;  and 
the  remaining  symbols  are  explained  in  the  nomenclature.  A  hypothesis  for  the  transport  properties 
of  turbulent  gas  flows  finds  its  mathematical  expression  in  the  function  b,  as  an  effective  diffusion 
coefficient;  d  is  a  "source"  term,  which  in  the  case  of  the  mass  transfer  equations  contains  the 
appropriate  chemical  kinetic  terms. 


Die  dependent  variables  in  the  case  analysed  by  Pun  (  Spalding  were  vorticity,  stream  function, 
swirl  velocity,  chemical  species  (mixture  fraction),  and  enthalpy.  Only  three  chemical  species 
(fuel,  oxidant,  product)  ware  considered  and  by  postulating  an  infinitely-fast  reaction  rate  the 
corresponding  species  aquations  were  reduced  to  a  single  (mixture-fraction)  equation.  Because  there 
was  no  thermal  radiation  and  the  chamber  was  adiabatic  the  enthalpy  equation  was  identical  to  this. 


He  do  net  intend  to  dwell  on  the  basic  treatment,  which  is  fully  described  in  the  referenced 
papers,  but  will  focus  attention  on  the  new  features  introduced  for  pulverised-coal  combustion. 

BURNING  OF  FUEL.  The  combustible  volatile  content  of  the  fuel  is  supposed  to  be  edmitted 
separately  in  gaseous  form  and  to  combine  instantaneously  when  mixed  with  oxidant.  The  oxygen, 
nitrogen  and  water  content  is  added  to  the  primary  gas  stream.  Minerals  are  treated  as  separate 
inert  particles. 


The  residual  char  particles  aro  assumed  to  be  spherical,  to  consist  wholly  of  carbon  and  to  burn 
at  constant  density.  A  series  of  particle  diameter  classes  Is  specified,  five  in  the  present  calcu¬ 
lations,  and  the  mass  fraction  of  solids  in  each  class  is  treated  as  a  separate  dependent  variable 
requiring  an  equation  of  the  general  form  (Eq  (5)). 
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The  effect  of  particle  burning  on  the  mu.<c  fraction  in  each  diameter  claas  ie  embodied  in  tho 
source  term  d.  This  is  made  up  of  three  components !  a)  loss  of  mass  to  the  gas  phase;  b)  Ions  of 
mass  by  transfer  of  particles  across  the  lower  diameter  limit  to  the  class  below;  c  •  gain  of  mass 
by  transfer  of  particles  across  the  upper  diameter  limit  from  the  das'-  Above.  Thus  iu»  p.irt— in¬ 
fraction  equation  for  the  i  th  diameter  interval  contains  a  source  term 


jk+i 

Ji  =  -  »i +  wS>i+i  -  3J 


where  H  denotes  mass  concentration  per  unit  diameter  interval,  and  x  is  the  diameter. 

It  is  assumed  that,  within  each  size  class,  concentration  M  is  constant  at  value  M  ,  given  by 

av,i  ° 

V*  =  Pm./(xi+1  -  xt) 

and  that  the  value  at  class  limit  x^  is  related  to  the  two  values  of  Mflv  in  classes  (i  -  1)  and  i  by 

M  ,  Hav.l-l(xltl  ;  Xl)  »  Hav.l(xl  '  xi-)) 

1  '  xi+l  "  xi-l 

The  integral  in  Kq  (fi)  is  approximated  to  by  the  finite-difference  form 


x.  , 

^i+l 

.1  M.dx,  dx  _  ‘'“av.i.dx,  .  ,  ... 

3  ^dt0  =  T-^dt5  .  <xi*l  ‘  xi)  (9) 

jY  av.t  «v»i 

‘i 

where  ^  is  the  arithmetic  mean  diameter  for  the  i  th  class.  The  final  expression  for  the  source 
term  *  becomes 

H  -  M  /dXt  .  u  (Xitl  ~  Xi>  ,dx.  ,q, 

di  ’  Vdt5!  +  Mav,i+1  (xit2  -  X^  Wi+l  (9) 


*  „  I"  (xj+2  ~  xitl) _ fdx.  3a 

H°Nt2  '  xi^xitl  -  xiJ  dt  id  xav 


(g)  ! 

,i  av,i  J 


This  formulation  of  d.  was  found  to  overcome  difficulties  in  regard  to  stability  that  were  at  first 
experienced.  The  rate  of  change  of  particle  diameter  is  obtained  from  Eq  (2),  using  numerical 
values  given  by  Field  (9). 


Before  the  particles  start  to  burn,  their  temperature  is  held  at  the  inlet  value.  Thereafter 
they  are  given  a  temperature  higher  than  that  of  the  gas  by  a  constant  specified  amount. 

SPECIES  COMPOSITION  OF  GAS.  In  addition  to  the  inert  component  nitrogen  the  gas  is  supposed 
to  contain  only  oxygen,  volatiles,  carbon  dioxide  and  water  vapour.  Their  mass  fractions  are 

related  to  each  other,  and  to  that  of  the  solid  char,  and  it  is  found  that  the  species  composition 
of  the  gas  may  be  treated  by  a  single  dependent  variable,  the  equation  for  which  contains  no  source 
term.  By  analogy  with  the  Pun  &  Spalding  case  this  is  called  mixture  fraction  (f)  but  is  differently 
defined.  Here  it  represents  conservation  of  the  quantity  (m02  -  Xcmc-  Ayt^)  where  m  is  a  mass 
fraction  and  X  is  the  corresponding  stoichiometric  ratio.  The  subscripts  denote  oxygen,  char  and 
volatiles. 


THERMAL  RADIATION.  The  treatment  of  thermal  radiation,  which  is  described  fully  in  another 
report  (10),  is  an  extension  of  the  Milne-Eddington  method  (11)  to  axisymmetric  systems.  There  are 
two  main  simplifying  assumptions:  firstly,  that  net  transfer  of  radiant  energy  in  the  z  (axial) 
direction  is  zero;  secondly,  that  net  transfer  q  in  the  r  (radial)  dii-ection  is 

q  =  t(I-J)  '  (10) 

where  I  and  J  is  each  a  (supposed)  uniform  intensity  of  radiation  over  a  solid  angle  of  2w,  in 
outward  and  inward  radial  directions  respectively.  With  the  aid  of  these,  and  other,  assumptions, 
the  general  integro-differential  equation  of  transfer  reduces  to  the  two  ordinary  differential  equations 

?  !^r)  =  (11) 


dQ 

dr 


k  +  s,  , 
- - (qr) 


(12) 


in  which  k  and  s  are  the  absorption  and  scattering  coefficients  of  the  radiating  medium,  and  oM  is 
the  Stefan-Boltzmann  constant;  Q  is  a  radiant  flux  that  need  not  be  evaluated  explicitly  for  K 
present  purposes. 


Equations  (11)  and  (12)  atv  readily  cast  in  finite-difference  form,  for  evaluation  of  q  in  the 
calculation  scheme,  and  solved  numerically  at  oach  step  of  tho  iteration  process.  Boundary 
conditions  are  that  on  the  centreline  q  =  0,  and  at  the  wall: 
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"J  =  C  a  7*  -  (1  -  e  )ir l 

w  w  R  W  W  w 

(13) 

Qw  =  W:  *  •  ¥ 

(14) 

In  the  present  calculations  the  scattering  coefficient  is  set  to  zero.  The  absorption  coeffici¬ 
ent  is  computed  from  the  concentration  and  sizes  of  the  char  particles,  assuming  them  to  have  a 
particle  emissivity  of  1;  to  this  is  added  a  constant  contribution  of  0.1  m"1,  to  represent  radiation 
by  all  other  species.  The  wall  is  assigned  an  emissivity  of  0.7.  Greyness  is  assumed  throughout. 


ENERGY  CONSERVATION.  The  enthalpy  of  the  flow,  a  dependent  variable  in  a  partial-differential 
equation  of  the  general  form  (Eq  (5)),  is  defined  by: 

e  =  fc( T)dT  +  m  H  +  m  H  (IS) 

c  c  v  v 

where  Hc  and  Hv  are  heats  of  combustion  of  char  and  volatiles.  A  linear  temperature  dependence  is 
assumed  for  specific  heat  c(T)  such  that 

Jc( T)dT  =  (-  419  +  0.1S1T)T  joules  per  kg  (16) 

T 

The  energy  contributed  by  thermal  radiation  forms  the  source  term  of  the  enthalpy  equation. 

Since  there  is  only  a  radial  component  in  our  simplified  model  the  source  term  becomes 

de  =  r  fr<‘lI')  (17) 

The  enthalpy  is  used  to  evaluate  temperature  at  all  points  of  the  field,  using  prevailing  values 

of  m  and  m  . 
c  v 


TURBULENT  DIFFUSION.  The  term  b  appearing  in  the  general  conservation  equation  contains  the 
effective  diffusion  coefficient  for  the  dependent  variable  in  question.  This  is  obtained  by 
dividing  the  effective  viscosity  u  by  the  effective  Prandtl  or  Schmidt  number  Cf  as  appropriate. 
Assumptions  made  earlier  require  tfiat  the  Prandtl  and  Schmidt  numbers  be  equal  at  S&Ch  point  in  the 
field;  they  are  assigned  the  value  1  throughout.  Various  hypotheses  for  eddy  viscosity  in  turbu¬ 
lent  gas  streams  are  available;  the  one  used  here  is  that  given  by  Pun  t  Spalding: 


where 


weff 


^2/3<"pu *  *  V*>1/3 

L>/3 


,2/3 


(18) 


s 

a  specified  constant  (the 

D 

r 

chamber  diameter  (m) 

L 

= 

chamber  length  (m) 

n  ,» 

p  s 

= 

mas3  flow  through  primary 

u  ,u 
p‘  s 

= 

velocities  in  primary  and 

p 

r 

stream  density  (kg/m3) 

Thus  the  local  value  of  viscosity  is  taken  to  vary  only  with  stream  density,  the  other  parameters 
being  constant  for  each  flame.  Viscosity  increases  with  kinetic  energy  of  the  stream  and  with 
chamber  diameter,  but  decreases  with  chamber  length. 


SOLUTION  PROCEDURE.  The  coefficients  a,  b,  c,  d  used  for  each  variable  in  the  general 
partial-differential  equation  are  listed  in  T«d>le  1.  The  set  of  equations  so  formed,  together 
with  suitably-chosen  boundary  conditions  and  the  perfect  gas  laws,  suffice  for  solution  of  the 
problem.  The  procedures  employed  for  the  numerical  solution  of  the  equations  follow  those  used 
by  Spalding  and  his  co-workers  (5,6),  whose  papers  should  be  consulted  for  a  full  description. 

In  brief,  the  flow  field  is  supposed  covered  by  a  rectangular  mesh,  a  section  of  which, 
surrounding  a  nodal  point  P,  is  shown  in  Figure  2.  Each  partial-differential  equation  is  cast 
in  finite-difference  form,  with  respect  to  the  mesh,  and  is  then  integrated  over  a  control  volume 
surrounding  the  node.  Thus  for  each  dependent  variable,  each  node  on  the  calculation  mesh  provides 
an  algebraic,  finite-difference  equation  giving  the  value  at  node  P  in  terms  of  those  at  surrounding 
nodes.  The  solution  starts  from  a  set  of  guessed  values  for  all  variables,  and  the  sets  of  equations 
are  solved  successively  at  all  points  taken  in  turn  to  yield  a  new  set  of  values.  The  cycle  is  re¬ 
peated  until  the  difference  between  values  obtained  from  successive  cycles  is  acceptably  small.  The 
radiation  equations  are  not  integrated  across  a  control  volume  but  solved,  in  finite-difference  form, 
by  a  straightforward  step-by-step  procedure  using  prevailing  values  of  the  other  variables. 

Special  procedures  have  been  adopted  in  calculating  heat  transfer  to  the  cooled  walls.  The 
steep  gradients  occurring  in  the  near-wall  region  cannot  be  adequately  described  on  a  calculation 
mesh  of  practical  dimensions.  To  overcome  the  difficulty  it  is  assumed  that  the  flow  adjacent  to 
the  wall  is  one-dimensional;  that  it  can  be  joined  to  the  main  flow;  and  that  fluxes  to  the  wall 
may  be  obtained  from  pre-determined  "wall  functions",  calculated  from  analysis  of  the  one-dimensional 
flow.  A  detailed  account  of  the  procedure  has  been  given  by  Spalding  *  Patankar  (12)  and  Runchal  (13). 
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Table  1.  Coefficients  in  Differential  Equation  for  Dependent  Variable 


Dependent  variable 
* 

— —— 4  rrm?  ■>,*  Mr  . . . 

a 

b 

c 

ui/r 

( vorticity ) 

i 

1 

weff 

1  r  v2  +  ufi  a  Puo 

-  i|-  grad  (-JL— Lo.iso  p+  |j  (-J>) 

+  2lJefff?<f'] 

(stream  function) 

0 

1 

r2 

1 

"  +  ^2  8rad  grad(ln  p)j 

u0 

(swirl  velocity) 

i 

ueff 

■ 

*  “r  *  > 

f 

(mixture  fraction) 

i 

uef  f 
°f,eff 

■ 

0 

e 

(enthalpy) 

1 

peff 

ce,eff 

Mj 

mi 

(solid  particles) 

i 

uaff 

°i,eff 

l 

-  v&>i  ♦  Mi+i<£>i+i  -3fi+1S  <&> d* 

CALCULATIONS  FOR  TEST  RIG 

Calculations  have  been  made  for  six  flames  of  pulverised  coal  in  the  test  rig  described  earlier, 
chosen  to  cover  the  range  of  the  main  variables  investigated  (3),  They  test  the  ability  of  the 

method  to  predict  the  effect  on  the  flame  of  burner  size,  fuel  fineness  and  input  swirl. 

Input  conditions  for  the  flames  are  summarised  in  Table  2.  Fuel  composition  and  mass  flowrates 
of  air  and  fuel  are  much  the  same  throughout,  as  are  inlet  temperatures.  But  Flame  85  is  a  slight 
exception  in  that  fuel  flowrate  is  higher  and  secondary- inlet  temperature  is  lower.  The  first  four 
flames  are  without  swirl.  Flames  30  and  34  differ  only  in  fuel  fineness;  they  utilise  a  burner 
(Burner  E)  that  has  proportions  in  the  middle  of  the  range  investigated.  Extreme  designs  of  burner 
(M  and  I)  are  used  in  Flames  43  and  49.  Burner  M  has  a  very  narrow  interface  between  primary  and 

secondary  inlets,  and  a  wide  secondary  inlet.  In  contrast  Burner  I  has  a  very  wide  interface  and 

a  narrower  secondary  inlet;  the  primary  inlet  is  narrower  too.  Other  conditions  are  the  same  and 
the  fuel  is  one  of  medium  fineness.  The  last  two  flames  (79  and  85)  are  swirling  ones  utilising 
Burner  M.  In  Flame  79  there  is  swirl  in  the  primary  stream  only;  in  Flame  85  it  is  present  in  both 
primary  and  secondary.  The  intensity  of  swirl  is -not  very  precisely  established,  but  approximately 
the  tangential  component  of  velocity  is  1.2  times  the  forward  component. 

CALCULATION  MESH.  For  the  calculations  reported  here  eleven  Internal  grid  nodes  were  used  in 
the  radial  direction,  and  thirteen  in  the  axial.  This  is  barely  adequate  but  the  limit  was  set  by 
the  size  of  store  of  the  computer  in  use  and  by  the  cost  of  computation.  The  axial  positioning  of 
nodes  was  constant  throughout;  the  radial  positioning  varied  with  the  proportions  of  the  burner. 

Values  are  given  in  Table  3.  The  first  two  nodes  in  the  axial  direction  lie  within  the  burner  inlets. 

It  will  be  seen  that  grid-line  spacing  is  small,  as  it  must  be,  close  to  the  primary  inlet  where 
conditions  change  very  rapidly  with  distance,  but  expands  gradually  as  one  moves  downstream  or  towards 
the  chamber  wall.  Thus  the  control  volume  used  in  the  solution  process  may  have  a  cross-sectional 
area  in  the  rz  plane  as  small  as  0.02  x  0.10  m,  or  as  large  as  0.10  x  1.00  m.  Its  third  dimension 
is  proportional  to  the  radial  distance  from  the  axis. 

CONVERGENCE.  Each  solution  was  started  independently  from  a  very  simple  set  of  guessed  values 
at  internal  nodes  except  for  Flame  34,  when  the  final  estimates  resulting  from  Flame  30  were  used. 

These  two  flames  have  almost  identical  flow  patterns.  Typically,  110  -  120  iterations  were  made, 


Table  2.  Input  Conditions  for  Flames 


Flame  number 

30 

34 

43 

49 

79 

85 

Fuel  flowrate 

(kg/s) 

0.086 

0.084 

0.086 

0.086 

0.083 

0.105 

Primary  air  flowrate 

(kg/s) 

0.123 

0.122 

0.110 

0.104 

0.120 

0.121 

Secondary  air  flowrate 

(kg/s) 

0.825 

0.819 

0.810 

0.822 

0.737 

0.953 

Swirl  in  primary  jet 

(fraction  of  u  ) 
z 

0.0 

0.0 

0.0 

0.0 

1.2 

1.2 

Swirl  in  secondary  jet 
(fraction  of  u  ) 

— 

0.0 

0.0 

O.u 

0.0 

0.0 

1.2 

Temperature  of  primary  air 

(K) 

373 

373 

372 

373 

375 

376 

Temperature  of  secondary  air 

(K) 

622 

623 

625 

626 

613 

577 

Temperature  of  wail 

(K) 

400 

400 

400 

400 

400 

400 

B»  -r.CT'  .  letter 

E 

E 

M 

T 

M 

M 

i  a. me  ter  ij 

(m) 

0.10 

0.10 

0.10 

0.08 

0.10 

0.10 

j  diameter  1, 

(m) 

0.26 

0.26 

0.15 

0.30 

0.15 

0.15 

1  diameter  13 

(m) 

0.40 

0.40 

0.40 

0.38 

0.40 

0.40 

Fuel  :  weight  median  size 

( urn) 

25 

80 

47 

43 

47 

41 

5%  larger  than  size 

( um) 

77 

360 

150 

140 

150 

140 

5%  smaller  than  size 

(urn) 

6 

26 

10 

9 

10 

9 

carbon  (as-firod  basis) 

0.646 

0.651 

0.683 

0.690 

0.677 

0.687 

hydrogen  -do- 

0.042 

0.042 

0.044 

0.044 

0.044 

0.044 

oxygen  -do- 

0,08$ 

0.095 

0.098 

0.099 

0.098 

0.099 

nitrogen  -do- 

0.014 

0.014 

0.016 

0.016 

0.016 

0.016 

sulphur  -do- 

0.014 

0.016 

0.007 

0.007 

0.007 

0.007 

ash  -Jo- 

0.114 

0.117 

0.109 

0.103 

0.074 

0.072 

moisture  -do- 

0.082 

0.065 

0.043 

0.041 

0.084 

0.075 

volatile  matter,  VM 

0 

(dry,  ash-free  basis) 

0.408 

0.408 

0.374 

0.374 

0.374 

0.374 

calorific  value  (MJ/kg) 
(as-fired  basis) 

26.3 

26.3 

27.6 

27.9 

27.4 

27.8 

although  with  Flame  34  in  consequence  of  the  more  realistic  starting  values,  only  81  were  necessary 
to  achieve  the  pre-selected  criterion  for  termination. 

Convergence  of  the  solution,  which  is  heavily  damped,  is  achieved  first  near  the  burner  and  the 
axis,  and  moves  very  slowly  downstream  and  outwards.  No  solution  when  terminated  was  properly  con¬ 
verged  in  the  sense  that  the  change  in  successive  iterations  was  reducing  at  a  rapidly  increasing 
rate.  It  is  possible,  then,  that  estimates  near  the  outlet  could  still  move  very  slowly  to  signifi¬ 
cantly  different  values.  But  it  is  judged  that  this  would  not  in  fact  happen  to  an  extent  that 
would  invalidate  the  conclusions  drawn  from  the  results  about  the  effect  of  major  flame  variables. 

As  examples  of  the  level  of  convergence  accepted,  one  may  s4y  that  on  termination  the  enthalpy  change 
in  successive  iterations  was  never  greater  than  10 of  the  value  that  would  have  prevailed  at  the 
outlet  of  an  adiabatic  chamber,  and  the  change  in  char  mass  fraction  was  never  greater  than  10"3  of 
the  outlet  value  that  would  have  prevailed  if  no  burning  had  occurred, 

RESULTS  FOR  FLAKES  WITHOUT  SWIRL,  Direct  comparison  of  some  calculated  results  for  non¬ 
swirling  flames  with  measured  data  from  the  rig  is  made  in  Table  4  and  Figures  3  to  5.  A  calculated 
streamline  pattern  is  shown  in  Figure  6,  — 

The  performance  of  our  mathematical  model  in  predicting  overall  behaviour  of  the  rig  as  a  device 
for  release  and  transfer  of  heat  is  revealed  by  the  first  four  energy  balances  of  Table  4.  One  must 
first  note  that  up  to  150  kW,  7%  of  the  available  energy,  is  unaccounted  for  in  these  balances.  In 
the  case  of  the  measurements  this  discrepancy  may  be  attributed  to  experimental  error;  in  the  case 
of  the  calculations  it  is  the  result  of  failure  to  achieve  conservation  of  tho  dependent  variables 
throughout  the  whole  field.  The  chief  contributory  factor  is  the  procedure  adopted  for  the  regions 
near  a  boundary.  There,  the  outer  limits  of  a  control  volume  (Figure  2)  lie  midway  been  the 
boundary  and  the  nearest  node.  This  leaves  a  significant  region  (with  the  present  mesh,  not  at  all 
small)  in  which  no  attempt  is  made  explicitly  to  ensure  conservation;  instead,  the  dependent  variables 
are  given  power-law  profiles  designed  to  satisfy  the  boundary  conditions.  The  error  may  be  reduced 
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Table  3.  Positioning  of  Calculation  Mesh 


Grid-line  number, 
axial  or  radial 

Axial  position 

Radial  Dosition  Cm) 

(m) 

Burner  t 

Burner  I 

Burner  M 

1 

-  0.16 

0.000 

0.000 

0.000 

2 

-  0*06 

0.025 

0.020 

0.025 

3 

0*00 

0.050 

0.042 

0.050 

4 

0.11 

0.076 

0.074 

0.075 

5 

0.21 

0.104 

0.12? 

0.102 

6 

0.37 

0.132 

0.151 

0.132 

7 

0.59 

0.166 

0.169 

0*166 

e 

0.84 

0.202 

0.188 

0.202 

9 

1.34 

0.255 

0.220 

0.255 

10 

1.64 

0.322 

0.279 

0.322 

11 

2.59 

0.407 

0.335 

0.407 

12 

3.34 

0.490 

0.488 

0.490 

13 

4.34 

0.550 

0.550 

0.550 

19 

5.39 

- 

- 

- 

15 

6.10 

- 

- 

Primary-inlet 

number 

- 

3 

3 

3 

Secondary- inlet 

numbers 

— 

6,  B 

6,  B 

4,  8 

Table  4,  Energy  Balances  tkH)  for  Six  Flames 


Flame  number 

50 

34 

43 

49 

79 

85 

1 

Ichemical  energy  of  fuel 

input 

2270 

2210 

2380 

2380 

2280 

■ 

jsensible  heat  of  input  above  0  K 

550 

550 

540 

540 

490 

1 

Total  energy  input 

2820 

2760 

2920 

2920 

2770 

3490 

Heat  transfer  to  wall. 

calculated 

1210 

1050 

1130 

1270 

1110 

1410 

measured 

1300* 

1160 

1210 

1350 

1370 

1700 

Sensible  heat  of  outflow 

,  calculated 

1610 

]  500 

1600 

1480 

1510 

1910 

measured 

1430 

1350 

1420 

1340 

1240 

1610 

-he mi cal  energy  of  char. 

calculated 

10 

120 

60 

20 

50 

50 

measured 

20 

170 

140 

120 

100 

30 

[nput  unaccounted  for. 

calculated 

-10 

-10 

130 

150 

100 

120 

measured 

70 

60 

150 

110 

60 

150 

v.iiu.-  Irom  Flame  97,  which  is  similar  to  Flame  30 


substantially,  at  the  expense  of  computer  storage  and  time,  by  specifying  a  finer  mesh  close  to  the 
boundaries.  This  would  reduce  also  errors  due  to  the  finite-difference  approximation,  such  as 
truncation  and  linear  ir teroolation  between  mesh  points. 

As  regards  the  en*-  d +•:  to  incomplete  burning  of  the  fuel,  the  model  matches  measurement 

in  showing  the  loss  to  be  small  and  in  fact  cv  .vstimates  the  amount  of  bur.  -out  somewhat.  Estimation 
of  heat  transfer  to  the  wall  is  good  although  consistently  low  by  about  100  k'\  This  is  within  the 
precision  set  by  the  size  of  the  error  terras.  At  the  present  stage  of  development  the  pattern  of 
prediction  is  of  ir«o re  importance  than  precise  numerical  values,  and  it  is  correct  as  to  tne  effect 
of  fuel  fineness  and  burner  size. 

Passing  now  to  prediction  of  the  distribution  of  heat  transfer  to  the  cooled  wall,  this  is  shown 
in  the  top  four  sections  of  Figure  3.  Accuracy  is  quite  good  except  for  the  region  near  the  burner. 

A  typical  pair  of  temperature  patterns,  calculated  and  measured,  is  shown  it.  Figure  4.  It  will  be 
seen  that  the  model  predicts  peak  temperatures,  near  the  axis  and  the  burner,  far  higher  than  were 
measured.  These  explain  the  discrepancy  in  the  calculated  rat?  of  heat  transfer  to  the  wall  in  the 
first  metre  or  so  from  the  inlet.  When  mixing  is  well  advanced,  the  calculated  temperatures  become 
more  accurate  and  in  the  last  metre  or  so  before  the  outlet  are  about  right. 

It  is  thought  that  the  discrepancies  in  temperature  and  heat  transfer  arise  from  the  assumptions 
made  about  release  and  burning  of  coal  volatiles.  It  will  be  remembered  that  we  have  supposed  the 
volatiles  to  be  immediately  available  on  entry  to  the  chamber,  and  to  bum  at  infinite  rate  provided 
oxygen  is  available.  The  temperature  that  would  be  achieved  by  adiabatic  burning  of  the  volatiles 
in  a  stolchio netric  quantity  of  air  is  about  2560K  and  temperatures  approaching  this  are  conputed 
for  the  inlet  region,  little  mixing  and  little  radiant  transfer  having  occurred.  In  contrast, 
measured  values  show  a  peak  of  1700K  at  about  2.5  metre  from  the  burner.  Gas  samples  taken  on  the 
axis  show  appreciable  concentrations  of  carbon  monoxide,  hydrogen,  methane  and  other  combustible  gases 
at  distances  up  to  3  metre,  with  a  peak  at  1.5  metre.  In  contrast  the  calculations  predict  no 
volatiles  beyond  1.5  metre  and  the  peak  to  be  at  the  burner  itself. 

Features  consistent  with  the  ub-arvations  made  above  are  revealed  in  the  plots  of  fuel  burn-out 
on  the  axis  presented  in  Figure  5.  Thus  the  pattern  of  change  with  fuel  fineness  or  burner  size  is 
correct,  but  too  short  a  distance  of  travel  is  predicted  as  being  necessary  for  any  given  degree  of 
burn-out. 

RESULTS  FOR  FLAMES  WITH  SWIRL.  The  same  comparisons  as  are  made  for  the  four  non-swirling 
rlames  in  Table  4  and  Figures  3  and  5  are  presented  for  the  two  swirling  flames  also.  These  are 
Flame  79  (primary  swirl  only)  and  Flame  35;  their  non-swirling  equivalent  is  Flame  43. 

Comparison  of  results  computed  for-  the  swirling  flames  with  those  for  Flame  43  show  that  the 
model  is  relatively  insensitive  to  input  swirl.  Presence  of  primary  swirl  changes  predicted  values 
scarcely  at  all;  swirl  of  both  primary  and  secondary  inputs  produces  changes  much  smaller  than  were 
observed  on  the  rig.  Thus  for  Flame  85  total  heat  transfer  to  the  wall  is  300  kW  too  low  (Table  4). 
This  is  due  to  gress  underestimation  of  t!  :»  rate  in  the  first  two  metres  from  the  burner  (Figure  3). 

And  far  too  great  an  axial  distance  is  predicted  for  a  given  degree  of  burn-out  (Figure  5). 

Film  of  a  flame  with  swirl  in  both  inputs  shows  it  to  be  visually  uniform  across  the  whole  width 
of  the  chamber,  even  adjacent  to  the  burner.  Measured  profiles  of  temperature  are  very  uniform  too, 
whereas  predicted  profiles  are  not  markedly  different  from  those  for  the  non-swirling  case.  A 
possible  reason  is  that,  in  effect t  one  has  assumed  the  solid  particles  to  be  at  rest  relative  to  the 
gas.  Swirl  will  enc,. .  'age  relative  motion.  On  a  local  scale,  this  will  increase  burning  rates 
unless  they  should  happen  to  be  chemically  controlled;  on  a  coarser  scale,  the  larger  particles  may 
be  centrifuged  outwards  to  regions  richer  in  oxygen. 

CALCULATED  STREAMLINE  PATTERNS.  Measured  flow  patterns  are  not  available  for  presentation  here 
and  would  be  imprecise  because  of  turbulent  fluctuations  and  other  instabilities  of  the  flow.  There¬ 
fore  we  restrict  ourselves  to  calculated  values. 

Fredicted  patterns  of  flow  arc  illustrated  in  Figure  5,  which  shows  plots  of  streamlines,  i.e. 
lines  of  constant  stream  function.  Burner  M  without  swirl  gives  relatively  weak  recirculation  and 
a  slowly  spreading  jet,  which  does  not  strike  the  wall  until  3  m  from  the  burner.  Addition  of  swirl 
to  both  primary  and  secondary  inputs  shortens  the  recirculation  zone  greatly,  to  about  1  m.  But  the 
mass  of  recirculating  fluid  i~  not  changeu.  Streamlines  are  almost  parallel  to  the  axis  from  about 
3  ir.  onwards. 

Characteristic  of  the  recirculation  zone  for  all  six  flames  are  summarised  in  Table  5.  As  one 
expects  from  studies  of  isothermal  scaled  models  by  Wingfield  (14),  Burner  I  giv-'S  much  more  recircu¬ 
lation  than  Burner  M,  with  Burner  E  intermediate.  The  distance  of  the  outer  edge  of  the  secondary 
inlet  from  the  wall  is  almost  the  same  for  all  these  burners  and  it  is  presumably  this  that  causer, 
the  radial  position  of  the  core  o*  the  recirculat ion  eddy  to  be  constant.  The  axial  position  o t  the 
:ore,  too,  is  constant  for  the  non-swirling  flames,  in  spite  of  considerable  variation  in  the  distance 
to  impingement,  and  is  very  close  to  the  burner  face.  How  realistic  this  is,  one  do*s  nc>*-  know. 


Table  S.  Calculated  Characteristics  of  Recirculation  Zone  for  Six  Flames 


Flame  number 

30 

34 

43 

49 

79 

85 

Mass  of  recirculating  flow: 
fraction  of  total  mass  inflow 

0.35 

0.37 

0.26 

0.67 

0.25 

0.26 

Axial  distance  from  burner  to  point 
of  impingement  of  jet  on  wall  :  m 

2  5 

2.4 

3.0 

1.8 

3.3 

0.9 

Axial  distance  from  burner  to  point 
of  .naximum  recirculation  :  m 

0.  37 

0.37 

0.37 

0.37 

0.40 

0.25 

Radial  distance  from  axis  to  point 
of  maximum  recirculation  :  m 

u.  -  —  -  -  -  .... .  - - 

-.).  34 

C.  35 

0.35 

0.33 

0.34 

0.35 

PRESENT  ACHIEVEMENT  AND  FURTHER  DEVELOPMENT 

When  the  relative  simplicity  of  the  flow  nodel  is  taken  into  account  the  predictions  made  must  be 
considered  remarkably  good.  Nevertheless,  there  is  considerable  scope  for  improvement  both  in 
respect  of  the  physical  assumptions  and  the  details  of  the  numerical  methods.  Many  of  the  simpli¬ 
fying  and  restrictive  assumptions  made  for  our  calculations  were  introduced  for  reasons  of  computa¬ 
tional  convenience  and  economy.  The  calc  ilation  procedure  itself  is  sufficiently  flexible  to  permit 
considerable  relaxation  in  this  respect. 

As  already  stated,  many  of  the  present  inaccuracies  can  be  traced  to  the  treatment  of  the  volatile 
fraction  of  the  solid  fuel.  (Whether  the  model  would  predict  a  stable  flame  for  a  fuel  without 
volatiles  is  not  known,  nor  was  such  a  fue_  fired  in  the  rig.)  As  a  first  step  in  correcting  the 
inadequacy  here  one  could  impose  a  finite  rate  on  the  combustion  of  the  volatiles,  similar  to  what 
has  been  done  in  the  most  recent  form  of  a  one-dimensional  model  of  the  rig  (4),  This  would  add  one 
more  dependent  variable  and  require  one  more  partial-differential  equation  of  the  general  form  to  be 
solved.  To  treat  decomposition  of  the  particles  in  any  precise  way  would  introduce  too  many  variables 
to  be  feasible,  as  would  allowing  the  char  to  burn  with  change  of  size  and  change  of  density.  (One 
can  see  readily  that  one  would  need  a  separate  variable  for  each  combination  of  size,  density  and 
volatile  content.) 

Neglect  of  the  effects  of  longitudinal  radiation  undoubtedly  contributes  to  the  over-high  emper- 
atures  predicted  for  the  Inlet  region  of  the  chamber.  However,  a  Thorough  treatment  of  radian*, 
transfer  is  outside  the  scope  of  the  present  project  and  for  the  time  being  the  analysis  seems  reason¬ 
ably  satisfactory.  One  possibility  for  simple  improvement  would  be  to  introduce  an  axial  flux 
analogous  to  the  radial.  One  would  then  have  a  second  radiation  variable  as  a  partner  to  q. 

The  calculation  of  a  turbulent  flow  by  the  methods  described  here  requires  a  mathematical  des¬ 
cription  of  the  mechanics  of  turbulent  diffusion.  At  present  the  transport  properties  of  a  turbulent 
fluid  cannot  be  reliably  expressed  as  analytic  functions  of  local  flow  variables,  so  a  quasi-empirical 
expression  fcjs  had  to  be  used  for  the  effective  viscosity.  This  appears  to  be  satisfactory  for  our 
problem.  When  information  from  current  researches  in  this  field  becomes  available  a  better  treatment 
will  be  possible.  It  may  be  noted  that  the  restrictions  we  laid  on  the  Schmidt  and  Prandtl  numbers 
are  not  obligatory;  they  may  be  lifted  at  the  cost  of  introducing  additional  equations  to  solve. 

Considerations  of  computational  economy  have  contributed  to  some  of  the  errors  occurring  in  the 
predictions.  The  enforced  use  of  e  coarse  calculation  mesh  has  exaggerated  defects  in  the  flow 
specification  near  the  walls,  as  described  above,  a$  well  as  producing  truncation  and  similar  errors 
always  associated  with  finite-difference  methods. 

To  conclude,  a  first  attempt  has  been  made  to  apply  finite-difference  solution  procedures  to  a 
turbulent  gas  flow  containing  burning  solid  particles.  The  results  are  highly  encouraging  for  non¬ 
swirling  flows  in  view  of  the  complexity  of  the  system',  although  less  satisfactory  for  swirling  ones, 

Tt  is  considered  that  major  progress  has  been  made  in  the  task  of  predicting  the  behaviour  of  solid- 
particle  combustors  of  ’he  type  treated, 
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Figure  1.  Geometry  of  combustion  chamber  and  burner 


Figure  4 .  Comparison  of  calculated  temperature  contours  with 


measurement  for  Flame 
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SUMMARY 


Au  ddbut  das  travnux  sur  lez  lithsr- 
gols  lea  modeles  •'loyds  Ataient  basis  sur 
la  transfert  da  ohaieur  das  gaz  vars  la  so¬ 
lids,  oo  transfer!  provoquant  1 1 Avaporation 
ou  la  sublimation  du  solide.  Las  nombreux 
points  da  diaaooord  antra  1'expArienoe  at 
oes  theories  simplifies  ont  oonduit  A  pen- 
sar  qua  d'autres  A1 Aments  antraiint  an  jeu. 
On  a  ASSfiz  rapidamant  envisagA  la  poasibi- 
litA  d'une  rAaotion  ohimique  da  surfaoa  ou 
tree  pr&s  da  la  surfaoa.  Divers  modfelas  ont 
AtA  ainsi  Atablia  at  renasnt  raisonnablement 
oompta  das  phAnomAnes,  h  1' exception  da  oaux 
observes  A  l'ONERA  sur  las  lithargols  orga- 
niques  A  forta  vitassa  da  regression  at  sur 
las  hydrures  mAtalliquea.  Quoiqu'il  failla 
garder  las  riaotions  da  surfaoa  oomma  mAoa- 
nisme  important,  l'Atude  theorique  qui  fait 
l'objet  de  oe  travail  montra  qu'ella  r.a  doi- 
vent  pas  etre  lieas  A  un  mAoaniaae  da  vapo¬ 
risation  saul  mala  A  un  meoanisma  da  fusion 
at  d'eooulament  du  liquida.  On  aontra  ainsi 
qua  la  vitassa  de  regression  ast  da  la  for¬ 
me  ■ 

/  vOtS-rO.G 

mot  \  pu  j 

at  depend  fortement  du  rapport  B/Prdu 
paramitra  de  transfart  d'rnthalpie  A  travars 
la  oouoha  liquids  au  nombra  da  Prandtl  du 
liquida. 

La  taux  da  fusion  depend  agaleaent 
du  taux  da  gasAifioatlon  du  liquida  ails 
oa  taux  doit  Itra  trie  important  (da  l'or- 
dra  da  0,5  g/om2_»)  pour  faira  santir  son 
affat.  La  pression  agit  par  un*  sansibl- 
llti  inverse  sur  la  taux  da  fusion  (wO-<M3) 
at  una  usnalbilitA  diraota  sur  la  taux  da 
gasAifioatlon. 

Las  oonoiusions  pratiques  da  oa  tra¬ 
vail  font  qu'il  arable  diffloile  d'iaafinar 
un  aoysn  qui  psrmstts  da  bona  ranuaaanta  da 
oombuatinn,  e’aat-A-dira  l'absanoa  da  phase 
liquida,  an  dehors  da  systAsas  da  dlaphrag- 
■aa  mdlangeurs.  Una  vole  dans  oatta  diraotion 
paut  oonsiatar  A  tirar  la  uaxisua  da  bdndfioa 
dee  rAaotion*  da  surfaoa  at  A  Avitar  laa  pro- 
pargola  ay  ant  un  nombra  da  Prandtl  trop  fai- 
bla  an  phase  liquida.  Una  autre  voie  paut 
oonaiatar  A  faira  uaaga  da*  oondltiona  trie 
partiouliAraa  dan*  laaquallaa  la  oombuation 
a  lieu  dan*  la  ton*  d'injaotion. 


The  first  models  used  in  hybrid  com¬ 
bustion  studies  were  based  upon  heat  trans¬ 
fer  from  a  gaz  to  an  evaporating  or  subli¬ 
ming  solid.  Many  disagreements  between  ex¬ 
periment  and  these  simplified  models  have 
led  to  think  that  other  mechanisms  are  in¬ 
volved.  The  possibility  of  a  chemical  sur- 
faoe  reaotion  was  rapidly  oonsidered,  this 
reaotion  taking  place  at  the  surface  or  va¬ 
ry  close  to  it.  Various  models  have  thus 
been  established  and  account  reasonably  for 
the  experimental  observations,  except  for 
those  Observed  at  ONERA.  on  high  regression 
rats  hybrid  fuels  and  on  metallic  hydrides. 
Although  the  surface  reactions  remain  aB  an 
important  mechanism  the  theoretical  uludy 
presented  here  shows  that  they  must  not  be 
oonneoted  to  a  simple  vaporization  model  but 
to  a  melting  mechanism,  and  to  the  subsequent 
liquid  flow.  It  con  then  be  shown  that  the 
regression  rate  is  of  the  forr.  « 

/  V  0,5  U.  0,6 

mcx  ) 

and  is  a  strong  funotion  of  B/Pr,  ratio  of 
the  enthalpy  transfer  parameter  through  the 
liquid  layer  to  the  Prandtl  number  of  the 
liquid. 


The  melting  rate  depends  aloo  on  the 
gasification  rat*  of  th*  liquid  but  thi* 
rat*  must  o*  large  to  have  a  noticeable  in¬ 
fluence  (of  th*  order  of  0.5  g/om  ,s).  Th* 
malting  rat*  has  an  inveras  pressure  sensi¬ 
tivity  (lew  in  p~°*33)  and  the  gasification 
rats  s  dlreot  pressure  sensitivity. 


The  practical  oonoiusions  of  this  stu¬ 
dy  are  that  it  is  difficult  to  imagine 
meant  whioh  will  destroy  the  liquid  layer 
and  promote  the  oombuation  efficiency,  other 
than  th*  already  existing  turbulators.  A 
possible  way  in  this  direction  la  to  oak* 
ua*  as  muoh  as  pocsibls  of  the  surfaoa 
reaction*  and  to  avoid  propellant*  whioh 
have  too  low  o  Prandtl  number  in  liquid 
phew*.  Another  way  oould  b*  to  taka  ad¬ 
vantage  of  th*  partioular  oondltiona  under 
whioh  oombuation  takas  plao*  in  th"  injection 
sons. 
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1  -  INTRODUCTION 

De  nombreusas  itudea  ont  iti  conea- 
orios  A  la  combustion  dune  las  moteurs  A  li- 
thergol  par  aulta  das  (vantages  qua  ces  mo- 
teurs  priaentant  dans  laur  conception.  Par- 
tant  da  aohims  trie  aimplifiis  pour  expliquer 
la  mioanisme  da  combustion  il  a  '“allu  las 
rendra  da  plua  an  plus  complexes,  oar  on  a'ast 
rapidemant  aparqu  qu'il  n'itait  paa  facile  da 
restituar  sur  la  plan  pratique  lea  avantagea 
offerta  par  las  lithergols  aur  la  plan  thio- 
riqua  at  qu'una  oonnaissanoa  plus  approfondie 
das  mioanismea  itait  indispensable. 

&i  partiouller,  lorequ'il  a  fallu  admat- 
tre  qua  las  modeles  fondia  sur  1 'analogie  da 
Reynolds  at  faiaant  appal  A  une  simple  vapo¬ 
risation  par  transfert  da  chalaur  sont  inoa- 
pablea  d'expliquar  l'icart  da  l'indica  a* 
sensibility  da  la  vitease  da  rdgressior  au 
dibit  massique  uni taira (dLog rn/d  Logpu) 
par  rapport  a  la  valeur  thiorique  da  0,8  , 
ni  las  diverses  valeurs  da  l'indica  da  sensi¬ 
bility  A  la  pression,  ni  mime  rendra  compte 
da  la  valeur  maeurie  da  la  vitaase  da  regres¬ 
sion,  il  a  fallu  fairs  intervanir  la  oiniti- 
qua  chimiqua. 


Parmi  las  premiara  a  intrcduire,  la 
oinitique  ohimique  dans  un  modile  da  combus¬ 
tion  oomparable  A  la  combustion  hybride,  il 
faut  citar  Karxman,  Wooldridge  at  Muzzy  (l) 

4  (6)  .  Ceper.dant  laur  utilisation  d'un  Do¬ 

ddle  fondia  presque  axolusivemant  aur  l'axia- 
tanoe  d'une  combustion  an  phase  gazauaa  dans 
une  couohe  limite  itablie  at  stabiliaie  rand 
son  application  aux  moteurs  hybrides  diacu- 
tabla,  sans  rian  retirar  A  sa  valeur  fonda- 
mentale. 

Smoot,  Price  at  Mihlfaith  (7)  4  (9) 
ont  considiri  qua  1 'ablation  sa  fait  assen- 
tiellement  par  une  attaque  chimiqua  da  la  sur¬ 
face  da  oombustible,  la  flux  de  comburant  vara 
la  surface  dipendant  da  la  difference  das  frao- 
tiona  massiquea  de  oomburar.t  dans  las  gaz  du 
canal  central  at  oeux  4  la  surface.  Il  a'agit 
dono  d'une  thicrle  avec  reaction  hitirogine  A 
la  aurfaoe.  las  conditions  dynamiquee  da  l'i- 
ooulement  definiaaant  alors  la  taux  da  trana- 
fert  de  oomburant.  Cette  thiorie  na  tient  pat 
oompta  de  1 'interaction  de  1 'ablation  thermi- 
qua  at  de  1 'ablation  chimiqua. 

La  thiorie  da  Millar  (  10) ,  (li)  offra 
dea  similitudes  av*w  la  prat ic cate  Dais  pro¬ 
pose  una  ir.terprita  ‘ i on  par  riaotion  an  phase 
gazauaa.  Il  introdui*  una  longueur  da  riaotion 
chimiqua  (ipaieseur  as  flamme)  at  admat  qua  la 
vitaaaa  is  rigreaeion  eat  propor'lor.'.t’.le  au 
taux  auqual  la  oomburant  set  oonscame  dan* 
dan*  oatta  tons. 

Sans  priaantar  da  thiorie  oomplite 
Koedon  at  Williams  (  12)  ont  propoai  un  certain 
nombre  da  remarquea  ralatlvas  aux  travaux  la 
3moct  at  Prloa  at  oeux  da  Millar. Ila  oon- 
oiuant  qua  i«s  phinominea  obsarvia  peuvent 
etra  aural  Man  intarpritis  par  una  riaotion 
hitirogine  qua  par  una  riaotion  homogene.  Laur 
man  lor*  d'aborder  la  problems  oonaiata  4  itu- 
dier  par  una  mithoia  da  perturbation  la  modile 


olassique  d 'ablation  an  y  ir.troduiaant  une 
riaotion  an  phase  gazauaa.  Laur  lnterprita- 
tion  oonduit  oependant  4  admettre  qua  oatta 
riaotion  an  phase  gazauaa  pul  ass  devenir 
quasi-unimolioulaire  at  nicesslti  das  hypo¬ 
theses  relatives  au  niveau  de  tempirature 
da  aurfaoe. 

Une  tentative  rioente  ( 13)  a  oherohi 
4  tenir  compte  de  la  ooexietenoe  de  1 'abla¬ 
tion  themique  at  da  1 'ablation  ohimique. 

Une  erreur  dana  1 'application  numirique  an 
a  os]  -indent  limiti  la  portie.  Il  eat  oartaln 
qua  i 'interaction  antra  ablation  ohimiqu* 
at  ablation  thermique  eat  un  domains  d'itu- 
d*  intiraosant  qui  doit  parmettre  d'arrivar 
4  une  ivaluation  de  la  tempirature  de  sur¬ 
face.  H.  effst  cotta  'empirature  intervient 
dana  la  pararaitie  de  transisrt  d'anthalpie 
B  .  Il  eat  ole.se; qua  de  dire  qua  oe  terms 
intervient  par  un  coefficient  de  la  forme 
Log^l  +  B)  qui  eat  dcno  relativemer •«  insensi¬ 
ble  a  la  tempirature  de  aurfaoe.  Cependanc 
une  itude  aotuellement  en  ooura  ( 14)  montre 
qua  dans  le  oaa  d'une  vaporisation  pure  la 
paramitre  B  eat  tres  sensible  4  la  tempira¬ 
ture  de  surface  lorsqu'on  tient  oompta  4  la 
fois  du  transfert  de  obaleur  et  du  transfert 
de  masse.  Par  example,  on  trouve  que  la  va¬ 
leur  de  3  peut  Stre  doublie  lorsque  la  frac¬ 
tion  mass:  jus  du  oombustible  vaporiai  4  la 
surface  paesa  de  0,9  4  0,95. 

C’eat  pourtant  un  autre  aspect  du  pro¬ 
blems  da  1 'ablation  qua  la  prisenta  itude  as 
propose  da  traiter,  1  ablation  avac  fusion 
du  combustible  aolide.  Pratiquement  dipoux*- 
vue  d'intir#t  en  oa  qui  concerns  las  combus¬ 
tibles  ripandus  aux  Etata-Unia  (oaoutchcuo 
butyls,  plexiglae)  puisque  lea  thioriea  anti- 
rieur&s  permettent  una  oorrilaticn  eatiafai- 
sante  dee  riaultata,  elle  a ’set  avirie  indis¬ 
pensable  avac  las  propergola  utiliaia  4 
l’C.N.E.R.A.  (propergola  organiquaa  compre- 
nant  dss  ingridienta  4  baa  point  de  fusion 
ou  hydrures  mitalliques).  Notre  but  n'aat 
dono  paa  da  diaouter  lea  thioriea  ai.tirieu- 
rea  ni  de  lea  mettre  an  question  oaia  d'4- 
largir  l'iventail  dea  oaa  traitia  at  d'ax- 
pliquar  las  phinominas  obsarvia  au  ooura  dea 
travaux  mania  4  I'O.N.E.R.A.  La  oinitique 
chimiqua  intarviandra  par  un  terms  da  riao¬ 
tion  da  surface  dont  noua  montrarene  1 'im¬ 
portance. 

3  -  MODELS  THBORIQUE  AVEC  TatPB- 
3ATURE  DE  SURFACE  rim 

3*  1  -  Btabliaaaaant  du  mobile 

Considironc  un  oanal  paroi  dans  la 
ooBbuatibla  solids  d’un  notaur  4  lithergel. 
L'iooulamvnt  dea  gaz  da  ocabutiion  dana  oo 
oanal  da  diamitra  interna  O  paut  Itra  lami- 
nsira  cu  turbulent.  Lea  gat  chauda  provoquant 
la  fusion  du  solid*  qui  as  reoouvrs  d'une 
couohe  liquids.  Cat*.*  couohe  a'icoula  rare 
1 'aval  an  iooulaaant  laainalra.  Una  oouohe 
limits  a'itablit  done  iana  la  liquids.  Noua 
•upposerone  qu’4  1 'interface  antra  la  liquids 
at  la  gax  il  y  a  oontinuiti  da  la  contrainte 
da  frottement  at  da  la  vitaaaa.  Noua  adaat- 
trona  ceper.dant  qua  la  ooucbf  limits  dana  la 
liquids  n'aat  paa  entiiremsnt  divaiooria 


2  -  RAPPEL  DES  MODELES  AVEC 
CINETIflUE  CHIMI QUE. 
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(epaissaur  da  liquids  infdrieure  4.  l'ipaia- 
aaur  da  oouohe  limits)  at  qua  oetta  anomalie 
ne  modifie  pas  la  profil  des  vi teases,  pas 
plus  que  1 'injection  parietale. 

Solent  i 

la  vitesae  du  g az  dans  la  oanal  osntral 

Vs  la  vltesse  du  gaz  4  l'interfaoe  liqui- 
de-gaz 

Us  la  vltesse  du  liquids  4  l'interfaoe 
liquids- gaz 

U  la  vitease  du  liquids  au  sein  de  1  *  6— 
ooulement 

Uff  la  vitesee  qu'aurait  le  liquids  4  l'ex- 
tirieur  de  la  oouohe  limits  si  oalle-oi 
etait  entiftremunt  d4veloppde. 

oc  la  distance  de  1 'entree  du  oanal  au 
point  oonsid£r4 

u  la  hauteur  dans  la  oouohe  de  liquids  a 
“  partir  de  l'interfaoe  aolide-liquide 

at  y  l'dpaisseur  de  la  oouohe  liquids. 
Nous  aupposerona  4  ^  «  D 

etRaQ=T  sont  las  nomhres  de  Reynolds 
da  l'iooulement  de  liquide  relatifs  4  i 'abs¬ 
cissa  oc  et  au  diam&tre  D 

W  ast  la  difference  de  vitease  Va  -  Vs 
oaraot4risant  1 ' iooulement  de  gaz. 

La  vltesse  dans  la  oouohe  da  liquids 
ast  donnle  par  una  forme  approohde  de  la  so¬ 
lution  da  Blaaius  de  1' equation  de  la  oouohe 
limits  laminaire  i 


La  gradient  de  vitease,  perpendioulai- 
rement  au  sene  de  1 'eooulamant,  eat  i 


La  oontlnuite  da  la  oontrainta  da  frot- 
tamant  donna  i 


aolt,  an  notant  qua  U_  t .  ^  1 

e«° 

Efpw’.W 

2  r9  5^.0  VScb '  stfZb' 


Cf 

Or  n'aat  fonotion  qua  d'un  nomhra  da 

Reynolds  X  qul  «'*orit  i 

xA . 


Nous  admettrona  loi  que  le  ooaffioient 
da  frottemsnt  n'est  pas  modifie  par  l'injeo- 
tion  parietale  de  gaz  due  4  una  dventuelle 
vaporisation  ou  rdaotion  de  surfaoe  i 

S r  .  Cj.  . 

2  ‘  2 

L' elimination  deW  permet  d'obtenir, 
apr4s  avoir  introduit 


T)*± la  ,e-!l  ,  *  .  *  9tu,I: 
1  *1  O  3  O 


On  voi +  alors  facilement  que  la  vitesBe  4  la 
surfaoa  ast  i 

).  (2) 

5  e«D  svt  v  5V5  / 


La  vitesae  est  une  donnde  du  pro- 

bl6me.  Si  l'on  dorit  WrrV^-V^  on 

peut  ausei  eorire 

Bn  posar.t  Y  z  p  VaD  /  _  l'sxpression 

'9  J 

da  X  deviant,  en  utilisant  (2)  « 


*.Y.,eT*_ysi£) 


(») 


Ddsignons  par  m  le  taux  maseiqie  de 
fusion  du  solide  (g/om2-s)  et  parms  le 
taux  auquel  la  liquids  passe  en  phase  gazeuae 
(par  reaction  da  surfaoe  ou  par  evaporation). 
La  conservation  de  la  masse  permet  d' eorire  t 

r'i  * 

J  Udv^  s  J  (rin  -  rr>4  J  dac  . 
o  o 

Nous  suppoearons  qua  eat  aonstant. 

La  fuaion  as  fait  gr&oe  4  la  oonduotion 
da  la  ohaleur  4  travara  la  pellioule  da  li¬ 
quids.  T-  dtant  la  tampers tura  da  l'intarfa- 
oa  liquiaa-ga*  at  Ts  la  temperature  da  l'in¬ 
terfaoe  liqulde-eolida  nous  ddsignerons  par 
Ah  •  Cp{  (  Ta  _  T,}  le  difference  d'an- 
thalpie  du  liquids  4  travara  la  film.  Si  l'on 
ddaigna  par  h,  l'anthalpis  affsotiva  da 
liquefaction  du* solids  at  par  B  la  rapport 
Ah/hfe  on  P«ut  lin4«rie«r  1'  equation  da 
oonuuotion  da  la  ohalsur  ■ 

Xt  — ^  ' 

qul  a'eorit,  an  introdulaant  la  diffuaivite 
tharmiqua  O  =  Xj  /p^  i 

rn  »  o  p  _®_  . 
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i'  Equation  de  conservation  da  la  masse  Soit,  an  introduis,  ,nt  t 

a'dorit  t 


/  U  ^=/(a~ 'ms)d* 


soit  i 

•  l«) 


L'ezpression  (2)  paut  etre  oonsiddree 
comma  l'eipresaion  de  U  an  un  point  d'or- 
donn ie  u  at  on  a  > 


fyO  5 VacO  l  lIT^D/ 


b(r-,e^[24]fT« 

^’6J£#-K)  • 

Cette  Equation  doit  etre  derives  afin 
de  pouvoir  former  aveo  (5)  un  systems  diffe¬ 
rential.  On  a  alore,  en  notant  1 

Y.t idP?  (2.£)  =  X 


Liquation  (4)  deviant  alore,  en  intro- 
duisant  las  variables  rdduitea  X  at  y  1 


En  remplajant  ^  a8/ya^  par  B/Pr 

0C1  Pr  ast  le  nombre  de  Prandtl  da  1  a  phase 
liquids  at  an  ramplaqant  la  variable  T 
par  la  variable  (b^\^\fr  /  V?L  on  obtianti 


(±  1. 

VlO_75 


+  i£3_£ 1  -JL  :  5  °  .0 

10  75  Pr  ^ut 


(») 


On  eait  qua  la  forme  habituelle  de 
representation  dee  ooaffioients  de  frot- 
temant  en  fonotion  du  nombre  da  Reynolds  X 

eat  1 


Bn  dooulement  lamlnaire  '0  •  0,5  at 
en  iooulement  turbulent  if  -0,2.  L' equa¬ 
tion  rdeultant  de  ( l)  at  de  (3)  est  done  1 


Css  equations  permettent  de  calouler 
y  at  fS(tx)  puia  la  viteeee  de  fu¬ 
sion  rn  D  ainsi  qua  le  d<bit  de 

liquide  par  unite  de  longueur  de  la  oireon- 
ferenos  du  oanal  oentral  1 


A  titre  de  verification  on  peut  aon- 
trer  qua  lee  reeultats  aont  tele  qua  1 


**•£(■-&)■ 


Lee  oonditlons  initieles  de  1 'intAfra- 
tlon  eont  x  =  O  ,  y  «  O  .  valeur 
lnitiale  de  |3  ne  peut  cependant  pae  Itre 
donride  par  l'Aquation  (6)  qui  ooniuit  A  use 


*s 
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i 
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inditermination,  on  l'obtient  par  una  appro¬ 
ximation.  Supposona  qua  (5  aoit  fini  au 
voinage  da  l'origine,  l'dquation  (4  bia) 
a'dorit,  an  introduieant  Pr  at  p  i 


_  3  Si  au  voieinaga  da  l'origina  OC  at 
^  aont  dea  lnflniment  patita  du  mama  or- 
dra  Sc/u1  tand  vara  z4ro.  On  a  alora,  dana 
1'  Aquation  -(6)  « 


I  VO 

5  c  G» 


(i-4)  •  (*) 


L'dquatlon  diffdrantiella  oi-daaaua 
ae  riduit  4  t 


at  an  dliminant 


i  i 


Soit  i 

1  r  g-  V  &  * 

3  Rr  bT*'T  1  -  P/l5 


•  (9) 


6c.  at  u  acnt  bian  daa  infiniment  p<r- 
tlta  da  mama  ordra  at  laa  iquationa  (8)  at 
(9)  permattant  d'exprimar  (3  par  > 


«£l.q4(4*4-3± 

75  Pr 


mO  . 


Catta  4quation  n'admat  da  aolution  qua 
ai  <  47»46091»  Catta  aolution  n'aat  in- 
fdnoura  4  5  ,  oondltlon  pour  qua  la  oouoha 
llmlta  aolt  ooina  dpaiaaa  qua  la  south*  an- 
tibraaent  d4valopp4a  dana  la  liquida,  quo  ai 
8/Pr  aot  tnfdriaur  4  1 1,11. 

On  montra  faoilamant  qu'il  aat  ndoaa- 
aaira  qua  (3  aoit  find  at  y  proportionnal 
4  3t  ™  pour  qua  (3  pulaaa  Itra  alnsi 
axpriad.  On  an  tira  au  voiainaga  da  1 'ori¬ 
gin*  i 


1-P/S 

P/lS 

(’-8)1 


(10) 


at  la  vitaase  da  fualon  aat  i 

±-2l  = 

Pr 

_  >±*  f  Sb  1 

'  Pr  OP  L 2^ 0(1 -p/5)  J  (11) 

On  a  vu  qua  la  debit  da  liquida  a' 4- 

orit  i 


qui  vaut  au  voiainaga  da  l'origina  t 


n.  u  *  1  ±  . 


"A  T 


4  Pr 


L'iquation  do  virifioation  aat  « 

M  =  f  H  D  di  , 

J  Pr  qD 


aoit  i 


JJ.±  i®.  xfl.<!U.dS 

J  e  u  4  Pr  /  Pr  u 


Catta  Equation  ^eat  ”6rif  14*  ai  ^  aat 
da  la  forme  -  A  oc 


L'axpraaaion  (ll)  da  la  vittsaa  da  fu- 
alon  appall*  pluaiaura  ramarquas  i 

-  L’axpoaaat  du  dibit  maaaiqua  unitair*  (da 
Y  )  aat  peu  aenaible  4  la  nature  (lasi- 
naira  ou  turbulent*)  d*  l’iooulasent  at 
n*  raria  qua  da  0,5  *  0,6. 

-  L'lnfluano*  du  diasitr*  D  aat  ndgligaabla 
pulaqua,  i  dibit  global  da  gas  oonatant, 

1 'axpoaa.it  da  0  n'aat  qua  da  _ 

-  Corns*  G  aat  proportionnal  4  la  preaeien 
la  vitas**  da  fusion  aat  invaraamant  pro- 
po.'tionnalla  4  la  raoin*  eubiqua  da  la 
preasion.  Catta  aanaibilitd  invar**,  qui 
n'a  pa*  4t(  obaarvi*  lane  la  riallti,  aat 
vraioosblablasant  oospansit  par  la  vita*** 
da  pass*,  i  an  pbaa*  vapour  rn(  ,  qui  aat 
sensible  4  la  preasion. 


La  nature  da  la  phase  liquids  Intsrvlent 
pour  Is  nombre  de  Prandtl  da  liquids  st 
pour  sa  visoositd.  Si  I'on  edmet  qua 

1  ~  rests  voisin  ds  1 'unite 

1-  (3/15 


i “  (ir  •• 


valsur  du  nonbrs  ds  Prandtl  psut  verier 
ds  100  pour  Isa  oorps  organiquea  &  0,0! 
pour  un  metal.  Si,  oorama  on  1*  vsrra  plus 
loin,  la  vitssss  as  fusion  ainsl  oaloulds 
oorrsapond  approzmativsnent  auz  vitsssss 
ds  regression  osaurdss  sur  las  combusti¬ 
bles  organiques,  11  faut  a'attsndrs  4  la 
voir  oroitrs  tr&s  vita  avso  las  ndtaux* 

-  La  temperature  des  gaz  Intsrvlent  par  0 
puisqus  Pa  set  inverseaent  proportlonnsl 
&  la  temperature*  Ds  plus  8  depend  lind- 
airement  ds  la  temperature  ds  l'intsrfaos 
li  ■juide-gaz.  11  an  results  qua  la  viteese 
de  fusion  e  I'tfpaiaaeur  ds  la  phase  li¬ 
quids  ssront  d'autant  plus  importantes 
qua  la  temperature  des  gaz  sera  plus  eia- 
ves,  o'est-4-dire  qua  le  oouple  de  proper- 
gols  esra  plus  dnergetique. 

-  Rappelona  qua  tout  le  caloul  suppose  ^3  ^-5 , 
o '-•at-i-dlre  qua  I'dpaisseur  de  liquids 

ns  df passe  pas  l'epaisssur  da  oouohs  li¬ 
mits  dans  le  liquids. 

3*2.1  -  Xnfluenos  d'une  rdaotion 
ds  aurfaos. 

Dans  1 'equation  (4  bis)  on  tiant  oompte 
ds  la  rdaotion  de  eurfaoe  (rdaotion  ohimiqus 
ou  m4oaniama  da  vaporieatlon)  an  ramplaqant 

O  JL  par  a  -®-  -  rn  .  done  ® 

Cj  ^ 

par  B/Pr_  rri3y D/^j  *  On  oontra  faoilasisnt 

q  le  1'affst  de  mseet  da  faira  ddoroitre  u 
pour  une  valaur  donnda  ds  <x  ,  dono  d'aug- 
cantar  la  vitaasa  da  fusion. 

Dans  1 'ezploi tation  numdrique  ds  oatta 
parti#  thdoriqus  ncus  euppoeons  m3  oonatant 
le  long  du  canal  central  ainsl  qua  la  valsur 
da  la  temperature  da  surface  dono  calls  da 
8  ,  8n  effeotuant  plusleurs  calouls  suooae- 
sifs  avac  differantsa  valaurs  da  8  st  ds 
rrij,  on  pourra  determiner  l'lnfluana#  aur 
la  viteaae  da  fuaion  da  oee  dauz  paramttree. 

Catta  maniire  da  proeddar  n'aat  qu'una 
approximation  at  auppoae  la  temperature  la 
l'intarfaoa  liquide-gez  oor.nue  at  dgala  par 
example  4  la  tampdratura  d 'dbulli lion.  Catta 
temperature  paut  4ga  lament  itra  f-.xit  par  un 
bilan  dnargdtiqua  qui  fait  interveni r  un# 
rdaotion  h*tdrogvn#  da  aurfaoa.  Noue  utlli- 
eerona  oaper.Jant  la  pram  lira  mdthoda  da  faqon 
4  bian  mattra  an  dvidanoa  l'influanoa  du  ter- 


).)  -  Ituda  nuadrlqua. 

-  Caa  aa/mptotique  pour  cc  ~  O  . 

Noue  obcialrona  arbitral ramant  daa 
donndaa  afin  da  oontrar  1  'erdre  da  grandeur 
daa  rdeultata  cbtanua.  Prenona  i 


JJ  j  -  5  oentipoises  ,  -  10“3  g/om3, 

•  500  mioropoiaea,^  «  1  g/om3  1 

^  «  100)  "  ,0_ij 

b  ■  0,023  ,  'j  -0,2  (loia  du  frottement 

tu-bulsnt) 

D  -  5  om 

Ys  he  »  5.  ;05 
y  a  ■  50  g/oBZ-«  ’  ° 

On  pourra  prendre  B«  °-a  (1QOP 

•  OO 

st  Pr  =  IOO  (oombustible  organiqus)  st 
£  ■  1. 

On  celouie  ainsi  (3  »  0,54  st 
rn  m  0,19  g/cm^”®.  Cette  valsur  set  oosi- 
p arable  aux  valsurs  obtsnuss  dans  lss  00- 
tsurs  4  lithsrgol.  L'dpaisssur  ds  oouohs 
liquids  qui  results  de  os  oaloul  sst  trie 
faibla  ( !,  I  10~3  cm). 

-  Caloul  ooBplst 

Le  oaloul  cat  effeotud  avso  lss  mease 
donndss  qt's  Is  oaloul  d'ordre  ds  grandeur 
oi-dessus  (  ■  100  ,  9_  •  10~3  ,  b-  0,023, 

$  >0,2).  La  valsur  ds  o c  varisra  da  0  4  20 
at  la  valaur  ds  Y  ds  4  105  4  106.  On  prsn- 
dra  pour  valsur  de  7Pr  diverges  valsurs, 
pour  _/u(  st  D  :  5  oentipoises  st  5  °»  rs«- 
peotivs*snt. 

Ls  oaloul  proprSBsnt  dlt  a  <t4  sffso- 
tud  sur  un  erdinateur  IBM  360/50  an  utili- 
sant  pour  1 'integration  du  ayatdms  d 'equations 
le  sous-prograBBS  IBM  HPCO. 

Nous  prsndrons  pour  oas  da  oaloul  ty- 
pique  ls  oas  oh  B/Pr  .  0,!  »t  m,  •  0,1 
g/cm2_».  x/D  1 5  R«0=4.K)s 

La  figure  1  montre  1 'evolution  ds  1a 
vitssas  da  rdgreaaion,  du  ddblt  du  liquid# 
at  da  l'dpaiaaaur  da  la  oouoha  liquid#  pour 
un  nombre  da  Beynolda  da  1  'dooulasiant  da  gaz 
da  400  000.  On  volt  qua  la  vitaasa  ds  regres¬ 
sion  sst  ds  l'ordrs  ds  1  mei/e  alors  qua  ls 
ddbit  ds  liquids  sst  ds  l'ordrs  ds  10  g/oa.t 
st  l'4paisssur  de  liquids  ds  l'ordrs  ds 
r,05  cm  pour  une  valsur  ds  x/o  ds  !0. 


Pig.  1  -  Profile  d'dpaleeeur  ds  liquids, 
4s  debit  ds  liquids  st  de  vitssss  de  fusion 
an  forction  4s  1 'abscissa  axial# 
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La  figure  2  represents  lee  m8mea  pro¬ 
file  dene  un  diagrsmme  logarithmique.  Lee 
profile  sont  reotlllgnee  et  montrent  que  les 
risultats  peuvent  s' exprimer  eoue  la  forme  i 


Ce»  formes  correspondent  4  oelles 
trouviss  enalytiqusmsnt  dane  la  solution 
esymptotlqus  valabls  au  voieinage  de  oc  -  0, 


*  Vo  ■ 


SfcJ.  -  Profils  de  vlteeee  de  fusion, 
d'dpaisseur  de  liquids  et  de  dibit  de  liquids 
en  fonotlon  de  I'absolsst  exiale 


-  Influenoe  du  nombre  de  Reynolds. 

La  figure  3  reprisente  la  variation  du 
taux  de  fusion  pour  diverees  valeurs  du  rap¬ 
port  ^ven  fonotlon  du  nombre  de  Reynolds, 

4  valeur  oonstante  du  taux  de  riaotion  de  sui*- 
faoe.  Lea  valours  numinquee  obtenues  corres¬ 
pondent  en  ordre  de  grandeur  4  oelles  obte¬ 
nues  dans  les  expdrlenoes  aendes  4  1 'OHERA, 

La  pente  des  parties  reotilignes  est  de  1 'or¬ 
dre  de  0,5  ,  conform*  aux  valeurs  obtenues 
expdrleentaieMnt  lor*  d*  tire  sur  aoteurs. 

La  valeur  du  rapport  B/Pr  4  un#  grand*  In¬ 
fluence,  oell*  derh4«ue»  as  m  #t  m3  sont 
du  atme  ordre. 


Tig.  3  -  Influenoe  du  nombre  de  Reynolds 
sur  la  vitesee  da  fusion  (oc/D  =  5, 
m3  en  g/cm'.s) 

Le  dibit  de  liquids  par  uniti  de  lon¬ 
gueur  de  la  oiroonf irenoe  du  canal  oentral 
est  igalement  sensible  au  nombre  de  Reynolds 
(fig.  4  ,  indice  de  sensibiliti  0,6)  et  4  la 
aleur  de  li/Pr  mais  igalement  4  la  va¬ 
leur  du  taux  de  reaction  de  surface. 


fill  4  -  Influenoe  du  nombre  de  Reynolds 
sur  Is  dibit  de  llquide 
(cc/D  :  5  ,  rh,  en  g  /cm*,  s  j 
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L'dpainseur  de  liquide  es,  c.e  fcr.c- 
tion  decroissante  du  norabre  de  Reynolds 
(figure  5)  et  du  rapport  B/ Pr  .  Oette 
epaisseur  est  faible  puisque  pour  D  ■  3  c® 
elle  est  de  0,1  a  1  mm.  L'epaisseur  du  li- 
quide  est  sensible  au  taux  de  reaction  de 
surface,  quand  celui-ci  est  de  l'ordre  de  m, 


Fig.  5  -  Influence  de  "Res 
sur  l'dpaisseur  de  liquide 
(cc/ 0=5,  ma  en  g/crx>l-s) 

Be  la  valeur  du  d4bit  de  liquide  et 
du  taux  de  reaction  de  surface  on  peut  oal- 
culer  la  Vitesse  moyenne  e  laquella  le  aoli- 
de  paese  en  phase  liquids  ou  gazeuee  par  I 


rn 


Cette  vitesse  est  compares  au  taux  de 
fusion  instantand  sur  la  figure  6.  On  cons¬ 
tate  un  dcart  appreciable  entre  valeur  ine- 
tantande  et  valeur  moyenne  quoique  la  eenei- 
bilite  des  deux  au  nombre  de  Reynolds  soit 
la  name.  Cet  doart  montre  qu'il  faut  bien 
distinguer  entre  lea  resultate  obtenus  pax 
des  manures  globalee  et  les  rdsultats  octe- 
nue  par  des  mesures  inatantandes  et  locales. 


Fig.  6  -  Compared  son  entre 
taux  de  fueion  inetantand  et 
taux  de  fusion  moyen 


-  Influence  du  rapport  B/Pr. 

On  a  tu  que  lea  oourbea  reprdeentant 
rb  ,  M  et  >^/D  en  fonctlon  de  Rt*  „ 
sont  aenaiblea  4  la  valeur  ia  8/Rr  .  La 
figure  ?  montre  la  formr  de  oette  aenaibl- 
11  td  en  oe  qui  ooncemo  rb  . 


Fig.  7  -  Influenoe  de  B/Rr 

sur  la  vitesse  da  fuaion 


Bien  que  la  oourbe  ne  soit  pas  rectlligne 
elle  correspond  approxiaatlvement  4  un  In¬ 
dies  de  aeneibllitd  de  l'ordre  de  2/3  comae 
le  laisse  prevoir  la  thdorie.  La  debit  de 
liquide  eat  dgaleaent  sensible  4  la  valeur 
do  B/Pr  avec  un  indice  de  seneibilitd  de 
0,76  ainsi  que  l'dpaiaseur  do  liquide  aveo 
un  Indies  de  eanaibilitd  de  -0,33. 

-  Influence  iu  taux  de  reaction  de  surface. 


Le  t.i  x  de  reaction  de  surface  n'a  pas 
une  grar.ie  influence  si  la  valeur  est  faiole 
oorr.paree  a  la  vitesse  de  fusion.  Cella-ci  est 
alrrs  une  fonctior.  Idgereaent  croissante  de 
ms  { figure  8)  tandis  que  PI  et  y/D  sont 
des  for.otior.s  decroissantes. 


Fig,  3-Inf  luence 
du  taux  de  reac¬ 
tion  de  surface 
sur  la  vi tease 
de  fusion. 


(B/Pr  , 
Rcd  =  4.  ios ; 


23-8 


Aux  valeurs  yievees  do  ma  ou  aux 
f&ibles  valours  de  B/Pr  le  oomportomen-t-  tend 
4  8tre  different.  Pour  B/pr  -  0,05  et 
ms  “0,5  g/om2-s  m  est  independent  de 
Ra^  et  dgal  4  rn,  (figure  3).  Dans  oe  oas 
u/O  vaut  0,05  et  est  dgalement  independent 
deRa0  (figure  5)«  Da  valeur  de  M  est  nette- 
ment  plus  faible  que  dans  le  cas  de  caloul 
typique  male  par  oontre  est  beauooup  pluo  sen¬ 
sible  4  Rc  0  (figure  4). 

-  Influenoe  de  la  pression. 

La  pression  s'introduit  par  ie  terms 
9  «.  p„/  pf  .  Le  caloul  montre  que 

tandis  que  la  vitesse  de  fusion  est  bien 
proportionnelle  4  Q~'*  si  ri‘*s«  rn 

elle  tend  4  devenir  independents  aux  fortes 
valeurs  de  0  ,  done  de  la  pression.  Comme 

on  tend  alors  vers  legality  entre  rn  st  m, 
la  sensibility  de  r>  4  f?«D  tend  4  devenir 
nulle,  le  debit  de  liquids  M  d<5oroit  for- 
tement  tandin  que  sa  sensibility  4  0 

orolt. 

On  constate  enfin  que  si  ac/D  orolt, 
la  vitesse  de  fusion  ddorolt  at  tend  vers 
rh*  .  11  est  fc  noter  que  bien  que  m  puis¬ 
ne  tendre  vers  rirts  et  devenir  insensible  4 
Ra0  ,  la  vitesse  moyenne  rh,  s  M/sc  tm, 
reste  sensible  4Ra(Jpuisque  la  sensibility 
de  M  4  Rap  orolt. 

Notons  aussi  que  nous  ddsignone  ioi 
par  reaction  de  surfaoe  la  rdaotion  de  gasiei- 
fi cation  sans  prdjuger  du  type  de  reaction 
ohiffiique  qui  la  provoque  (reaction  honogSne 
pr4s  de  la  surfaoe  ou  reaction  hytdrogine). 

L 'influence  de  la  pression  sur  le, 
vitesse  de  fusion  se  fera  done  d'abord  sentir 
par  son  action  sur  8  oonduisant  4  une  sen¬ 
sibility  en  p" Vs  .  31  p  oroit  rn  ddorolt 
et  devient  plus  sensible  4  ms  ,  lequel 
peut  Stre  fonction  de  la  pression.  La  rdao- 
tion  de  gasdlfloatlon  peut  dgalement  jouer 
par  son  effet  ynergdtique  par  l'interme- 
diaire  do  B/Pr  alors  que  nous  n'en  avons 
tenu  oompte  que  dans  le  bilan  raassique. 

La  figure  9  montre  comment  se  dd- 
forme  la  oourbe  ni  (ril.)  lorsqu'on  fait  verier 
B/Pr,  Rtt0  ,  ac/D*  •  Lee  deformations 
ecus  1 'influenoe  de  6  ne  sont  pas  lndlqudee 
male  sont  oomparables  4  oelles  sous  l'influ- 
enoe  de  oe/D  . 


3.3  -  Conclusions  relatives  4  l'dtude 
thdorlque. 

L'dtude  do  i 'ablation  aveo  fusion  , 
dans  le  oadro  d'un* hypothecs  de  temperature 
do  surfaoe  fixde,  montre  que  la  vitesse  de 
fusion  peut  #tre  exprimde  en  fonotlon  du 
debit  raeelquo  unitalfe  par  uno  relation 
ie  la  forme  i 

rn  c*  ( 

L'dtude  numdrlque  montre  que  lee  or- 
dree  de  grandeur  dee  vitessee  de  fusion  sont 
de  1'ordre  de  plueieurs  dixitmss  de  g/oa*.s« 
oe  qui  oorresponl  aux  valeura  txouvdes  expd- 
rimaatalement  but  lae  propergole  OHERA. 


Fig.  9  -  Influence  du  taux  de  reaction 
de  surface  sur  la  v'tesse  de  fusion 

B/Pr.  0,4  et  I  i  Re--  4.10;?,  x/D-5 
B/Pr-  0,05  »©  Re"-8,3.10^{  x/D.5 

m  Re«.>  4. 1 0? ;  x/D-5 

Q)  Re"-  4. 103,  x/D-20 

ms  an  g/err^.s 

Le  ddbit  de  liquids  qui  s'daoule  le 
long  du  canal  central  peut  etre  important 
et  dans  oertains  oas  representer  une  frac¬ 
tion  apprdoiable  de  la  contribution  du  com¬ 
bustible  4  la  oombustion.  En  effet  ei 

po  «  50  g/om2_s  et  D  -  5  om  ,  le  ddbit 

de  gas  est  de  3930  g/».  Aveo  un  rapport  de 
mdlange  de  0,125  le  taux  d'ablation  du  com¬ 
bustible  doit  etre  de  492  g/e.  Dane  un  mo- 
teur  de  configuration  olaseique  (  L/d  20) 
aveo  Ran  -  5- 106  ,  B/Pr  -  2, 1  et 
ms  "  0,1  g/om2-e  i»  pryeente  thdorie  don- 
ne  un  dibit  de  liquids  de  235  g/s  et-  un  di¬ 
bit  de  gas  de  157  g/s  eoit  un  total  de 
492  g/e  et  pourtant  l'ipalsseur  du  liquids 
ne  dipaese  pas  0,7  mm.  C'est  oe  qui  explique 
pourquoi  oes  oouohea  liquideB  n'ont  pas  ete 
observes*  expirlmentalsDent, 

La  vitesse  de  fusion  eat  peu  sensible 
au  taux  de  reaction  de  surface.  Par  oontre 
•lie  eet  trie  sensible  au  rapport  8/Pr  dans 
laquol  Is  rdaotion  de  surfaoe  peut  interve— 
nir  par  eon  aspeot  inergitique  alors  que 
dans  In  presents  tbiorle  elle  n'lntervient 
que  dans  le  bilan  massique. 

Dans  1 'utilisation  pratique  ds  oette 
thioris  on  ss  heurt#  4  une  diffioulte,  l'i- 
valuation  numirlque  dee  different*  paramfc- 
tres.  Passons  our  1 'evaluation  de  Pr  ,0  , 
*T  eto..  II  imports  de  pouvoir  ee  fixer  la 
temperature  de  surfaoe  afin  de  pouvoir  deter¬ 
miner  B  •  Dans  les  presents  oalouls  on 
e'sst  impose  arbitrairsmsnt  la  valsur  ds  B 
mala  Ts  peut  *tre  sffsotivsmsnt  determine. 

En  effet  lorsqu'on  etudls  Is  phenomena  ds 
vaporisation  purs  par  tranefert  do  ohalsur 
il  sat  possible  d*  montrer  (14)  que  la  tem¬ 
perature  de  surfaoe  sst  voisine  de  la  tem¬ 
perature  d' ebullition  du  liquid#,  sans  Ja¬ 
mals  toutsfois  1'atteindre.  L'eosrt  aveo  la 
temperature  d' ebullition  sst  ospsndant  suffi- 
saomsnt  faibls  pour  qua  l'on  puisse  oonfondrs 
oss  temperatures  dans  Is  oaloul  ds  B  . 

Si  uns  rdaotion  ds  surfaoe  intsrvisnt,  ells 
pourra  eisvsr  la  temperature  ds  surfaoe  sans 
toutsfois  depasser  la  temperature  d1 ebulli¬ 
tion,  du  moins  dans  Is  oadrs  dss  hypotheses 
d ' equllibrs  du  travail  ddji  oite  (14).  On 
peut  alors  oonsldersr  Ta  oomms  ddflni. 
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II  faut  igalement  noter  que  oette  thiorie 
na  laissa  pas  privoir  d'una  manlAre  simple 
l'effet  d«  la  pression  puieque  oelle-oi  in- 
tarviant  auasi  blan  aur  0C  qua  aur 

ro  ,  at  B  par  1 'intarmidlaire  d«  Ts  . 


Y  eat  proportionnel  au  dibit  masaique 
unitaire  das  gaz  dono  pratiquament  du  dibit 
da  gaz  1 bbu  da  la  tuybre.  SI  1 'on  iorlt  la 
fonotlon  da  la  rlohassa: 


Lea  lndioas  da  oanaiblllti  du  taux  da 
rigreesion  A  Ra  0  ,  0  at  rh  s  variant 

dono  aui/ant  la  valaur  da  8/Pr  at  da  n-is 
Aux  valaura  faibles  d®  rh3  oaa  indices  aont 
raspeotivament  da  0,6,  -  0,33  at  0  )  aux 
fortee  valaura  da  m,  at  aux  faiblaa  valaura 
da  B/Pr  ils  sont  da  0,  0  at  1  t  enfin  aux 
fortaa  valaura  de  m3  at  da  B/Pr  ila  pren- 
nent  das  valaura  interreidiairea  antra  oaa 
valaura  extrAmee.  Noua  dJ-ona  qua  dans  la 
premier  oaa  lea  phinomAnes  da  fusion  pre¬ 
dominant,  tandia  qua  dans  la  deuxiAme,  las 
phinomAnes  de  surface  sont  plus  importanta, 
sans  prijuger  da  oa  qua  pauvant  atre  oaa 
mioanlemea  de  aurfaoa  (riaotiaa.  ohiaiqua 
hitirogAne  ou  'lenegine  eto..). 


4  -  ASPECT  EXPERIMENTAL 
4. 1  -  Qiniralltia 

La  oomparaiaon  antra  lea  riaultata 
expirimontaux  at  lea  priviaiona  da  la  thio- 
rie  eat  dilioate  oar  la  domaine  da  validiti 
di  oatte  ierniAre  as  limits  au  oaa  de  moteura 
oil  la  oouoha  liquids' paut  aa  divaloppar.  Caoi 
axolut  laa  expirienoea  aur  brGleura  de  labo- 
ratoira  oil  la  longuour  de  1 1  iohantlllon  eat 
faible  alnal  qua  lea  riaultata  obtanua  aur 
das  moteura  munis  de  diapoaltifs  turbula- 
taura  dans  la  oanal  oentral.  Parrel  laa  ri- 
aultate  obtanua  aur  moteura  on  eat  igalement 
limiti  oar  il  aat  rare  qua  l'on  oonnalaaa 
Involution  du  dibit  maaaique  unitaire  da 
gaz  at  oelle  du  taux  da  regression  au  ooura 
du  tir.  II  faudra  dono  aa  limiter  &  l'itude 
da  riaultata  globaux,  an  partioulier  A  la 
relation  antra  preaaion  at  riohesae. 

Conaidirona  un  motaur  dans  laqual  la 
taux  de  riaotlon  de  aurfaoa  eat  oonstant  at 
igal  A  rin3  |  aoit  L  la  longuaur  du  pain 
da  oombuatible  at  D  la  dlamitre  du  oanal 
oentral.  _ 

Corapte  tanu  du  phinomAne  de  fusion  la 
dibit  de  oombuatible  eat  « 

m„  =  TTDL  rh_  +  7TDM  . 

Or  on  eait  que  M  aat  de  la  forme  * 

Mcxr*  P-*. 

On  salt  igalament  qua  la  dibit  laau 
da  la  tuyAre  aat  irhlBC0pcAc  at  noua 
aupposarona  C0  oonstant  dans  la  domains  da 
riohaesa  oonsidiri. 


nr***  rht 


on  a  i 


Catts  expression  permet  de  voir  que 
dans  un  diagramme  ip  ( p)  las  oouples  pro- 
pergoliques  pour  lesquela  las  phinomAnes  da 
fusion  predominant  donneront,  en  ooordon- 
nies  logarithmiques,  das  droitea  dont  la 
pants  sera  voialna  da  -0,73  alora  que  ai  la 
vaporisation  (ou  la  ohimie  da  aurfaoa)  pri- 
domine  1' expo Bant  pourra  Atre  aupiriaur. 

Noua  tantarons  de  virifiar  dana  quelle 
maaura  oatta  relation  ast  viriflie  mala 
avant  d'abordar  oatta  discussion  quantita¬ 
tive  noua  donnerona  quelquea  observations 
d'ordra  qualitatif  destinies  A  mettre  en 
ividenoe  oatte  phase  liquide  dont  on  avait 
jusqu'ioi  asaez  peu  parli. 

4.2  -  Riaultata  qualltatlfa 

Si  l'sxiBtanoe  de  phinomAnes  de  fusion 
n'a  pu  Atre  mise  en  ividenoe  dans  la  oombus- 
tion  da  lithergola  organiquaa  oas  phinomAnes 
ont  pu  Atre  observis  done  la  oombustlon  d'hy- 
drures  mitalllquaa,  oonformiment  A  la  pre¬ 
sents  thiorie. 

En  effat,  on  a  obaervi  i 

-  Bee  dipSts  de  HLi  fondu  et  resolidifli  A 
la  partis  la  plus  baess  des  moteura  A 
HLi  -t  CIF3  aprAe  fonotionnement. 

-  Bans  les  sxpirienoss  da  vlauallaation  da 
la  oombuation  da  HLI  4  CIF3  liquids  1*4- 
ooulamant  gazaux  ast  taoheti  de  points 
rouges,  trAs  probablemant  dus  A  la  prisenoe 
da  gouttea  de  HLi  dans  1 ' Aooulement.  Ces 
gouttea  proviennent  de  la  oouoha  liquide 

at  aont  projstise  par  la  digagement  d 'hy¬ 
dro  gins  gazaux  lore  da  la  dioomposltion 
da  HLi  fondu.  Cette  dioomposltion  aat  la 
oauae  pour  laquelle  la  HLi  initial  eat 
blano  alora  qu'uns  fois  fondu  at  raaolldl- 
fii  il  deviant  gris  du  fait  da  la  prisenoe^..— 
da  lithium  mital. 

-  Sana  las  expirienoas  da  visualisation  da 
la  oombuation  da  HLi  CIF3  gazaux  on  a  pu 
non  seulement  observer  das  riaidus  de  HLi 
fondu  at  resalldifii  mala  igalament  das 
gouttea  da  diamitre  important  (attsignant 

4  mm)  qui  aa  diposent  sur  las  hublote  d'ob- 
eervation. 
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Dana  oertainee  de  cee  expirienoes,  ou 
le  rapport  L/D  de  la  longueur  de  1'4- 
ohantlllon  itudii  au  diamitre  de  paeeage 
dee  gaz  itait  important  (  L/D  -10 
pour  D  »  5  mm)  11  set  arrivd  qua  la  pha¬ 
se  liquids  ohstrue  le  canal  oantral,oau- 
sant  1* explosion  de  la  ohambre. 

-  Sane  oes  mimes  experiences  de  visualisation 
on  a,  dans  osrtains  oas,  utllisd  dee  oham- 
bree  bidimensionnelles  dost  les  parols 
itaient  des  plaques  transparentes.  Ces 
plaques  ont  4te  attaquies  par  Hli  fondu  1 
la  partis  la  plus  Lasse  ta.-.dis  que  les  au- 
tres  parties,  soumises  aux  gaz  ohauds  seul% 
dtaient  peu  attaquiee. 

-  Une  tentative  faite  pour  utilizer  un  oom- 
bustible  mitalliqus  a  donni  des  rdsultats 
trfes  ddoevanta  male  en  aooord  aveo  lee  pro¬ 
visions  de  oette  thOorie.  Un  tir  da  moteur 
effeotui  aveo  un  pain  de  lithium  mitai  a 
donnd  une  fusion  quasi-instantande  du  com¬ 
bustible,  oonfirmant  l'influenoe  difavora- 
ble  des  tree  faibles  valeurs  de  Pr. 


Pour  de  nombreux  lithergols  organiques 
olassiques  la  vitesse  de  regression  set  de 
la  forme  i 

(  r)°'6  pq2. 

En  ooordonndes  logarithmiques  la  pente 
de  la  oourbe  ’O'  (p)  est  alors  -  0,2.  Lea 
eseais  avec  le  lithergol  PTC  85/15  oonfirment 
oesrdsultats.  Le3  essais  oitds  en  (15)  don- 
nent  une  valeur  de  la  pente  da  -  0,24  4  -  0,35 
et  les  essais  de  la  figure  10  4  une  pente  de 
-  0,32.  Nous  sommes  done  loin  de  la  valeur 
prdvue  par  la  thiorie  de  fusion  oe  qui  peut 
etre  attribui  a  la  facility  aveo  laquelle  les 
oomposants  de  oe  combustible  se  vaporieent, 
o'est-a-dire  a  l'importance  que  prend  rh,  .  Par 
contre  le  oouple  poiybutadifcne  -  HgOg  ( 16) 
donne  une  pente  de  -  0,68  (figure  11)  oe  qui 
indique  que  la  fusion  prddomine. 


Pig.  11  -  Variation  de  Y 
en  fonotion  de  la  pression  pour  le 
lithergol  Folybutadiine  a  H2O2 


On  a  vu  que  les  hydrures  mdtalliquos 
aoivent  presenter  4  un  degrd  aooentui  oe 
phinomfene  de  fusion.  C'est  oe  que  confirms 
l'expdrienoe  puisque  la  pente  de  la  oourbe 
*4*  (o)  est  de  -  0,64  (Figure  12). 


Fig.  It  -  Variation  de  Y 
en  fonotion  de  la  pression  pcui 
lo  lithergol  HLi  ClFj. 

Lee  risuJlatd  expirimentaux  oonfir¬ 
ment  done  bjen  que  si  les  exposants  du  dibit 
massique  unitaire  eont  de  l'ordre  de  0,5 
(ou  supirieurs)  les  pente*  des  nourbee 
ne  peuvent  prendre  dee  valeurs  infirieures 
4-0,5  que  s'il  exists  un  mioanisme  prieen- 
tant  une  sensibilitA  inverse  4  la  pression, 
du  type  du  meoanisme  de  fusion  que  propoee 
la  presents  thiorie. 


4.3  -  Riaultate  quantitatlfa 


Fig.  10  -  Variation  de  Y 
en  fonotion  de  la  pression  pour 
le  lithergol  PTC  85/15  +  KO3H. 
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conclusion 

II  apparalt  qua  1 'existence  d'une  pha¬ 
se  liquids  dans  las  moteurs  &  lithergol  ast 
ndfaate  au  rendemant  da  combustion  at  qua 
l'effet  sa  fait  aurtout  santir  u'’eo  las  com¬ 
bustibles  ayant  un  faible  nombre  da  Prandtl 
an  phase  liquids  (mdtaux  at  hydrures  mdtal- 
liques).  Cette  conclusion  est  conforme  a 
celle  trouvoe  par  un  trai -ement  plus  complat 
d'un  cas  de  fusion  applique  t  la  protection 
par  ablation  ( ]6)  mais  qui  ne  conduit  pas  a 
une  expression  explicite  approchr'e  ie  la  Vi¬ 
tesse  de  fusion.  D'autres  manieres  ie  'nener 
le  present  calcul  mcntrent  que  la  Vitesse  de 
fusion  est  peu  sensible  au  profil  de  Vitesse 
ohoisi  dans  le  liquide. 

Cans  un  moteur  la  coucr.e  liquide  qui 
se  developpe  brule  mal  avc-c  le  oomburant  et 
conduit  a  une  diminution  de  la  sensibilite 
du  taux  de  regression  ?  la  pression,  dimi¬ 
nution  qui  n'ost  que  partiellement  compen- 
see  par  la  sensibilite  airecte  des  pheno- 
rt.enes  therrochimiques. 

Cet  effet  de  fusion  sst  favoriad  par 
les  temperatures  dlevees  rencontrdee  aveo 
les  propergola  A  haute  dnsrgis.  II  sa  fait 
surtout  eentir  dans  lea  motsurs  0C1  la  lon- 
gusur  ast  suffisants  pour  parmsttrs  it  la  cou- 
che  liquids  da  sa  ddvelopper. 

Pour  etro  assurd  d'un  bon  randement  de 
combustion  il  est  done  indispsntabl#  d'emps- 
oher  la  ooaohe  liquide  da  sa  d^'veloppsr  ou 
bian,  lorsqu’elle  exista,  de  permsttre  la 
combustioii  du  liquide.  La  premier  effet  sst 
obtenu  par  la  technique  das  diaphragm*#  mis 
au  point  u  1 'ONBRA.  Css  diaphragmea  diviaent 
Is  moteur  an  deux  chambre*,  une  chambre  amont 
at  uns  chambre  aval.  Ls  diaphragms  interrompt 
la  oouchs  de  liquide  et  provoque  uns  turbu¬ 
lence  suffisants  pour  romprs  ls  film  liquids 
qui  as  forms  dane  la  ohaabre  aval*  Ls  deuxJ.4- 
me  effet  eat  obtenu  par  Iss  diaphragms#  m 41 an- 
geurs  dont  sont  munis  tou*  les  noteurs  aotuel  (4) 
lament  an  service.  La  oombustion  principal* 
a*  fait  alors  an  aval  ds  os  diaphragms,  dans 
1*  convergent.  II  eat  signifioatlf  que  Is  oom¬ 
bustion  pulses  se  fairs  ds  fajon  oompl&te  darn 
ls  oon/srgsnt  mtao  an  I'abssno*  de  ce  dla- 
phragme  si  ls  volume  oomprls  sntre  la  asotion 
ds  sorti*  du  canal  osntral  *t  1*  eel  emt  suf- 
fisaament  grand. 

Sn  oe  qui  oonosrn#  la  onoix  dss  proper- 
gols  pour  la  riai'iation  d'un  propulaeur  hy¬ 
brids,  on  oonstats  qu'il  n'sst  pas  possibls 
ds  ohoisir  dss  oombustiblss  qui  rsndsnt  m 
maximum  st  M  minimum.  Par  oontrs  on  pout 
4vi tor  un  sxods  ds  liquids  sn  4vitaat  1st 
motsurs  qui  ont  un  rapport^trop  41sv4.  II 
samble  4galsmsnt  fnvorabla®d'obtenir  dss  ve¬ 
lours  d»mj  41sv4ss  mais  pour  qus  I'effst  ds 
cetts  r4aotion  de  surfaos  se  faese  sentir  il 
faut  cue  ms  soit  au  moins  de  1'ordre  d# 

C, 5  g/om2.s,  il  sst  4g*lement  possible  d'Atu- 
dier  d'autres  disposi  t-'.ons  de  uiotsure  qui  per¬ 
ms  ttsnt  ds  romprs  la  couoh#  liquid*. 


On  peut  se  demander  si  la  miss  au  point 
de  moteurs  modulablee  4  richesse  oonetante  et 
faisunt  appel  4  ies  propergols  4  haute  dnergle 
est  possible  en  oonservant  la  simpllolt4  ds 
l'injeotion  unique  du  comburant  en  amont  et 
en  4vitant  la  pr4senoe  de  systimes  m41angeurs 
en  aval  du  combustible.  Les  rdsultats  obte- 
nus  Jusqu'ici  tendent  4  fairs  rdpondre  par 
la  negative  mais  11  rests  4  explorer  les 
conditions  tres  particulars*  de  la  rdgres- 
sion  dans  la  zone  d' injection,  conditions 
qui  semblaient  donner  uns  ssnsiblllt4  suffi- 
sante  4  la  pression  tout  en  llmltant  1#  di¬ 
bit  ds  liquide.  En  effet,  les  sssais  effso- 
tuis  a  1’ONERA  (17)  montrent  qu’au  voisinags 
de  la  zona  d 'injection  la  vl tease  de  rigrss- 
sion  est  plus  sensible  4  la  pression  qu'sn 
aval,  oe  qui  peut  s'expliqusr  par  Is  niveau 
41s v4  de  1 ’intensit4  ds  combustion.  Cstt* 
haute  lntsnsit4  de  oombustion  psut  oondulrs 
a  dss  valeurs  41ev4ss  du  taux  ds  r4aotion 
de  surface,  dono  4  d*  fortes' s*nsibilit4  4 
la  pression.  Il  est  dono  vralsemblable  qus 
la  r4alisation  ds  motsurs  oodulables  4  ri- 
cheass  constants  doive  fairs  largemsnt  appel 
4  os  m6canlsme  enoore  inoonnu. 
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SUMMARY 


The  state-of-the  art  of  the  combustion  mechanism 
of  AP-propellants  is  reviewed  and  some  new 
experimental  facts  are  given  concerning  the  in¬ 
fluence  of  lattice  defects  and  condensed  phase 
behaviour  on  the  burning  process. 

The  findings  demand  a  revision  of  the  theoretical 
models  to  account  for  the  lattice  defect,  for  a 
change  from  fast  to  slow  decomposition,  and  for 
reactivity  spots. 


THE  THEME  OF  THIS  PAPER  incorporates  a  great  variety  of  propellants  and  still 
rather  hypothetical  mechanisms.  Therefore,  attention  will  be  centered  on 
ammonium  perchlorate  based  composite  solid  propellants,  the  most  commonly  used 
in  modern-day  rocketry.  The  combustion  of  pure  ammonium  perchlorate  and  AP  based 
propellants  has  been  extensively  investigated  and  to  review  such  work  would 
require  the  discussion  of  some  500  separate  papers,  a  task  already  admirably 
done  by  Hall  and  Pearson(l),  Jacobs  and  Whltehead(2) ,  and  also  Pearson(3). 
Because  the  details  of  the  mechanism  of  AP  combustion  and  the  pros  and  con"  of 
many  individual  viewpoints  can  be  found  in  these  review  papers,  the  main  purpose 
of  the  present  paper  is  to  review  some  new  findings  and  also  to  point  to  those 
steps  in  the  mechanism  where  more  new  information  is  needed. 

THE  CONDENSED  PHASE  REACTION  OF  AP 

AP  has  an  orthorhombic  crystal  structure  between  -190°C  and  240°C(4). 

Above  240°C,  the  lattice  changes  to  the  cubic  structure  and  at  592  +  20°C  it 
melts  according  to  Hightower(5)  and  Cordes(6).  But  this  transition  to  the  melt 
needs  more  discussion  in  respect  to  its  influence  on  the  decomposition.  Though 
AP  is  a  rather  stable  compound  in  propellants,  nearly  all  measurements  of  the 
behaviour  of  AP  are  complicated  by  the  fact  that  all  physical  properties  are 
influenced  by  inevitable  chemical  reactions. 

Three  different  regions  must  be  considered  depending  on  the  consumption  rate: 

(a)  the  slow  decomposition  (up  to  0.1  mm/sec) 

(b)  the  fast  decomposition  (the  region  of  the 
normal  burning) 

(c)  and  the  explosive  decomposition. 

Most  detailed  measurements  have  been  performed  in  region  (a)  and  partly  into 
region  (b). 

Region  (c)  is  of  less  interest  because  AP  is  mainly  used  for  propellants. 
Therefore  (c)  falls  out  of  the  scope  of  this  paper. 

At  room  temperature,  the  unit  cell  of  AP  has  the  dimension  a  -  9.231  8, 
b  -  5.813  8,  and  c  -  7.453  8(4)  with  the  ions  NH4  and  C104"  in  the  lattice 
sites.  Even  in  single  crystals,  there  is  a  certain  amount  of  disorder. 
Consequently,  we  expect  to  find  vacant  NH^  or  C104~  sites,  positively  and 
negatively  charged  interstitials,  ana  also  neutral  deiects. 

Furthermore,  we  must  expect  some  free  electrons  (even  If  they  are  short¬ 
lived),  photons,  and  mechanical  excitation.  Briefly  expressed,  the  material 
possesses  all  kinds  of  interactions  we  know  from  the  solid  state  physics. 

The  question  is  what  influence  these  distrubances  have  on  the  combustion  of  AP. 

THE  SLOW  DECOMPOSITION  OF  AP.  As  mentioned  above,  there  are  several 
possibilities  cf  defects  in  the  AP-crystals.  Besides  the  macroscopic  disloca¬ 
tions,  only  two  defects  have  been  shown  to  influence  the  low  temperature 
decomposition,  up  to  now. 

Herly  and  Levy(7)  showed  that  the  decomposition  of  AP-crystals  was  closely 
bound  up  with  defects  which  could  likewise  be  produced  by  gamma-ray  irradiation 
(50  KV).  Different  radiation  doses  decreased  induction  time  and  Increased  the 
reaction  rate  for  the  acceleratory  period.  As  shown  in  Fig.  1,  this  irradiation 
is  only  effective  up  to  a  certain  degree  of  decomposition  giving  evidence  that 
the  number  of  effective  delects  is  limited. 


Cole(8)  and  Manells  ct  al(0)  identified  two  types  of  x-ray  created  defects 
i>R  analysis.  They  noticed  a  longlived  NI1,+  ion  and  a  shortlived  CIO,  ion. 


by  EPR  analysis.  They  noticed  n  longlived  Nil,*  ion  and  a  shortli' 

The  number  of  defects  was  limited  to  10^°  deiects/gm  in  the  case  of  NH3’”, 
corresponding  to  a  maximum  irradiation  dose  of  2  x  107  rad  at  a  temperature  of 
150°K.  In  the  temperature  region  from  2Q°C  to  100°C,  the  maximum 
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1 50K .  In  the  temperature  region  from  20  C  to  100UC,  the  maximum  defect  con¬ 
centration  was  determined  to  be  5  x  101'  defects/gn .  At  low  temperature  the 
concentration  remained  stable  whereas  at  the  high  temperature  a  slow  decay  was 
noticed  due  to  the  recombination  rate: 


kNH3* 


exp  (-8.3/RT) 


(1) 
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The  recombination  rate  for  the  CIO3  defects  was  measured  to  be 

kcl0  -  1018  exp  (-20/RT) 

3 


(2) 


though  due  to  the  fast  decay  the  measurements  were  difficult.  The  number  of  the 
c 103-defects  was  at  least  2  orders  of  magnitude  less  than  the  NH3  Ions, 


Herly  and  Levy (10)  showed  that  the  nucleatlon  rate  Increases  very  rapidly 
at  a  radiation  dose  of  107  rad  indicating  the  onset  of  chemical  reaction  Induced 
by  the  defects.  The  magnitude  of  the  dose  corresponds  to  the  value  reported  by 
Manelis(9)  for  the  maximum  concentration  of  NH3*  Ions.  Hence  we  have  to  assume 
a  limiting  defect  number  of  5  x  10i7  defects/gm  at  room  temperature  for  the 
slow  decomposition.  At  room  temperature,  there  are  1.3  x  lO^1  lattice  cells  per 
gram  giving  a  rough  estimate  of  the  distribution  ratio  of  the  defects: 

1  within  2600  lattice  cells. 

This  concentration  seems  to  enable  a  self  sustained  chemical  reaction.  However, 
this  idea  needs  further  confirmation. 

Because  the  existence  of  large  quantities  of  NH3+  and_ci03  ions  has  been  proven, 
we  have  to  consider  what  happens  to  tne  H  acorn  and  Q"ion  or  to  the  proton  and 
oxygen.  Jacobs(2)  proposed  the  following  reaction  equations: 


NH4+  - *  NH4++  +  e"  (3) 

NH4++  - >  NH3+  +  H+  (4) 

C104“  - »  C104  +  e~  (5) 

C104  >  C103  +  0  (6) 

C104"  +  H+  -  HC104  (7) 

But  we  also  have  to  consider  the  other  possibilities: 

NH4+  - )  NH3+  +  H  (8) 

H  +  0 - »  OH  (9) 

H+  +  e"  - >  H  (10) 

C104_ - »  C103  +  0”  C103  +  0  +  e"  (11) 

C103  +  OH  - »  HOClOg  (12) 


Which  of  the  ways  is  correct  or  privileged,  or  whether  other  possible  processes 
play  a  role,  must  still  be  determined.  Attention  must  be  confined  to  the  high 
reaction  rate  of  AP  to  see  whether  by  chance  the  lattice  vibration  tends  towards 
the  highest  possible  frequencies  and  whether  no  thermodynamic  equilibrium  can 
be  achieved. 


Another  series  of  experiments  takes  advantage  of  the  electrical  behaviour 
of  AP.  The  present  author  tried  to  use  a  special  electron-microscope  (by  the 
Balzers  Comp. ,  Lichtenstein)  for  the  visualization  of  the  electronic  processes 
at  the  surface.  The  principle  was  as  follows:  a  strong  UV-radiatlon  supplied 
the  energy  for  the  electrons  in  the  crystal  to  surmount  the  surface  work 
function.  These  electrons  were  extracted  by  a  potential  of  100  kV  and  then 
conventionally  focussed  on  a  screen  by  three  lenses.  Though  the  pictures  of  the 
AP-crystal  were  not  of  the  highest  quality,  due  to  the  partial  sublimation  of 
the  material,  one  striking  effect  was  noticed.  At  ambient  temperature,  nearly 
no  electrons  could  be  determined,  but  at 240°C  the  intensity  increased  sharply 
by  several  orders  of  magnitude. 

The  same  effect  was  noticed  by  the  author  in  an  investigation  which  was  intended 
to  study  tho  energy  levels  of  defects.  Prior  to  the  change  from  the  orthorhombic 
to  the  cubic  lattice,  a  great  number  of  electrons  were  released  corresponding 
to  an  activation  energy  of  E  -  33  kcsl/mole.  This  finding  is  being  further 
analysed. 
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Some  investigators  measured  the  electrical  conductivity  to  analyse  the  charge 
carriers  and  the  defect  mechanism.  The  most  striking  results  were  reported  by 
Mavcock  et  al(ll).  They  found  5  different  regions  in  the  temperature  range 
25°C  -  350°C  (see  Fig.  2).  The  increasing  activation  energies  (0.18  eV,  0.54  eV, 
0.82  eV,  2.0  eV,  5.6  eV)  were  ascribed  to  surface,  extrinsic,  intrinsic 
(orthorhombic  and  cubic),  and  electronic  conduction.  Unfortunately,  the  con¬ 
duction  did  not  remain  constant  versus  time  and  therefore  a  correct  inter¬ 
pretation  of  the  measurements  seems  questionable  as  the  conductivity  is 
superimposed  by  some  complicated  chemical-electronic  mechanism.  Furthermore, 
the  used  DC-voltage  caused  a  polarization  zone  due  to  the  fact  that  the 
positive  side  of  the  sample  became  opaque  during  the  treatment,  an  indication 
of  negative  defects. 

A  similar  measurement  using  AC-voltages  however  was  carried  out  by 
Wise(12)  resulting  in  a  simple  exponential  function  of  the  conductance  versus 
the  reciprocal  of  the  temperature.  In  contrast  to  Maycock,  there  is  no  change 
of  the  mechanism,  not  even  at  the  temperature  of  the  lattice  transition. 

These  short  notes  on  the  electrical  behaviour  of  AP  should  be  sufficient 
to  demonstrate  the  complex  relations.  As  far  as  the  authors  knows,  more 
investigations  are  underway.  We  may  therefore  look  forward  to  more  meaningful 
experimental  data  and  a  better  background  in  the  near  future. 

Other  experiments  were  conducted  to  elucidate  the  influence  of  catalysts 
or  artificial  defects  on  the  burning  or  deflagration  rate.  In  most  cases  the 
differential  thermoanalysis  and  thermogravimetric  techniques  were  used. 

In  most  cases,  the  results  depend  on  a  mixture  of  condensed  phase  and  gas 
phase  reactions.  Therefore  some  details  will  be  discussed  later.  The  JJTA- 
measurements  gave  quantitative  values  for  the  temperature  of  deflagration, 
of  phase  changes,  and  the  amounts  of  heat  involved. 

One  difficulty  in  interpreting  the  reported  results  stems  from  the  use 
of  different  catalysts  and  different  procedures  in  preparing  the  samples. 

The  results  are  hard  to  compare.  Because  they  are  in  fact  inconsistent,  the 
reader  should  look  up  the  details  in  the  literature. 

Two  facts  must  be  mentioned,  however.  Firstly,  there  is  a  great  difference 
between  impurities  which  can  be  substituted  isomorphously  into  the  lattice 
and  those  which  are  mixed  mechanically( 13) . 

Secondly,  most  of  the  ui'n  or  Tun-measurements  have  not  been  considered  with 
respect  to  dislocations  and  their  possible  influence.  Thnre  are  however  a 
few  exceptions  such  as  those  investigations  of  Herley(lO)  and  Schmldt(4). 

Schmidt  and  Stammler(4)  found  a  dependency  between  the  deflagration 
temperature  and  the  burning  rate.  The  onset  of  the  free  rotation  of  the 
010^“  ion  was  given  as  an  explanation  for  any  chemical  reaction.  This  is 
one  of  the  few  cases  that  data  from  low  temperature  measurements  was 
connected  to  practical  burning  rate  data. 

As  a  final  point  in  this  section  on  the  low  temperature  decomposition,  the 
"magic"  30“  decomposition  first  reported  by  Bircumshaw  and  Newman(14)  must 
be  repeated.  We  all  know  the  defects  which  make  the  transparent  crystal 
opaque  and  sometimes  brownish  indicating  colour-centers,  but  we  do  not  have 
the  Knowledge  of  the  exact  mechanism  how  they  form  and  why  they  stop  at  30“ 
decomposed . 

THE  FAST  DECOMPOSITION  OF  AP.  The  linear  regression  rate  of  AP  is  in  the 
order  of  0.1  cm/sec  to  2  cm/sec.  In  self  sustained  burning,  the  lattice  is 
being  heated  at  a  rato  of  approximately  1 0 ‘  C/sec(15).  Compared  to  the 
temperature  rise  in  most  of  the  laboratory  experiments  (appr.  10°C/min  or  even 
less)  it  is  obvious  that  the  extrapolation  of  the  slow  decomposition  measure¬ 
ments  must  be  looked  at  very  critically. 

One  way  to  learn  whether  the  extrapolation  is  correct  takes  advantage  of  a 
Scanning  Electron  Microscope  (SEM)  to  study  the  surface  of  quenched  propellants. 
Due  to  the  stored  energy  in  the  surface,  one  has  to  keep  in  mind  some  post- 
reactions.  An  analysis(lG)  of  propellants  quenched  by  compressed  air  at  1  atm 
showed  a  particlo  distribution  (see  Fig.  3  and  4)  deviating  from  the  normal 
one.  Beyond  80  p,  the  number  of  AP-particles  decreased  rapidly  while  there  was 
an  increase  in  the  number  of  particles  greater  than  100  p. 
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The  reason  was  given  by  the  post-decomposition  of  small  particles  in  the 
order  of  30  p  and  in  the  consumption  of  a  thin  fuel-cover  over  the  big 
particles . 

Morn  details  of  the  quenched  surfaces  are  given  in  the  following  pictures. 
One  great  difficulty  to  be  borne  in  mind  is  that  AP  has  many  different  modes 
of  behaviour. 

Figure  5  shows  the  start  of  a  reaction  produced  by  some  small  dislocations 
which  are  not  spread  all  over  the  crystal.  The  next  series  of  pictures  (Fig.  6) 
points  out  a  powdering  mechanism  at  some  preferred  spots.  The  pictures  e  and  f 
show  a  particle  quenched  by  cold  N„,  which  reduces  post-reaction  on  the  surface. 
Despite  this  drastic  quenching  procedure  the  same  surface  structure  to  that  of 
the  earlier  pictures  was  apparent.  However,  some  recondensed  material  was 
present. 

Some  important  consequences  can  be  derived  from  Figs.  7  and  8.  The  AP-crystal 
surfaceshave  isolated  activity  regions  with  many  holes  that  dig  deep  into  the 
solid  interior.  Finally,  the  tenuous  structure  collapses  and  a  large  deep 
hole  of  circular  shape  remains  (see  lower  left  corner  of  Fig.  7  b).  That  these 
holes  are  to  be  ascribed  to  the  burning  process,  follows  from  Fig.  8  a  dnd  b 
with  cold  ^-quenched  samples.  Here,  the  surface  consisted  of  small  residues 
adhering  together  and  thus  forming  a  porous  layer.  The  picturese  and  f  (Fig.  8) 
give  evidence  of  interpreting  all  hexagonal  shapes  to  be  recrystallized 
material.  Yet,  at  the  bottom  of  the  holes,  the  material  looked  similar  to  that 
which  was  left  behind  by  slow  decomposition  (Fig.  9  a).  A  rather  rare  crystal 
produced  tetragonal  holes  (b  and  c,  Fig.  9)  and  even  cold  N„-quenched  samples 
give  evidence  of  rectangular  pores  (Fig.  9,  d,  e). 

In  summary,  the  SEM-analysis  gives  clear  evidence  of  a  nonsteady  burning 
process  of  AP  starting  in  activity  sites  of  the  dimension  of  1  to  10  p.  At  1  atm, 
no  liquid  phase  could  be  detected. 

As  shown  by  Boggs(17)  pores  exist  at  pressure  levels  up  to  130  atm, even 
during  burning  of  pure  single  crystals  of  AP.  His  very  interesting  findings  need 
more  investigation  to  eliminate  the  influence  of  the  stored  energy  during 
quenching,  though  they  will  be  correct  in  general.  Depending  on  pressure,  he 
defined  four  different  regions  in  accord  to  the  burning  rate  (Fig.  10). 

The  explanation  for  the  negative  pressure  exponent  was  found  in  an  intermittent 
flame.  The  same  mechanism  was  reported  by  the  ^resent  author  for  the  combustion 
of  composite  propellants(18) .  Hence,  the  accumulated  experimental  evidence 
should  now  be  strong  enough  to  influence  and  correct  existing  theoretical 
models. 

Is  there  any  correlation  between  the  slow  and  fast  decomposition  in  the 
condensed  phase?  The  appearance  of  dislocations  point  at  a  similar  mechanism 
though  the  rates  differ  by  several  orders  of  magnitudes.  In  the  first  case  we 
have  a  migration  of  defects  whilst  in  the  second  case  the  defects  must  be 
assumed  to  be  fixed  and  to  influence  the  growth  of  big  dislocation  sites  and 
holes.  Despite  the  steep  temperature  rise,  no  other  ion  bond  breakages  seem 
to  occur  that  do  not  occur  during  slow  decomposition.  The  existence  of  pores 
implicates  the  differentiation  whether  the  gas  phase  reactions  start  "above" 
the  surface.  The  easy  recondensation  o~  sublimation  of  AP  indicates  the 
existence  of  HCIO^  as  a  decomposition  product,  thus  contradicting  the  formation 
of  OH  or  H2O  within  the  lattice. 

An  interesting  fact  arises  from  the  negative  pressure  exponent  in  the 
pressure  range  150  atm  to  300  atm.  As  the  gas  phase  reactions  are  accelerated 
by  pressure,  the  reason  must  be  looked  for  in  the  condensed  phase.  It  is 
unlikely,  though  not  yet  measured,  that  the  physical  properties  of  AF  change 
drastically.  Therefore,  the  reason  must  be  assumed  to  originate  from  a  change 
in  the  different  processes  (equations  3  -  12)  or  in  a  still  unknown  recomoin- 
ation  process.  In  this  connection  the  question  arises  as  to  what  influence 
is  exercised  by  the  surface  melt  reported  by  Price  et  coworkers(5) .  Those 
observations  came  from  very  big  AP-crystals  never  used  in  this  dimension  in 
propellants.  Cordes(6)  supported  the  existence  of  a  melting  point  of  AP  at 
592°C  +  20°C  by  a  semi  theoretical  extrapolation  (Fig.  11).  Despite  these 
evidences  it  is  doubtful  that  a  melt  will  occur  in  the  commonly  used  reactive 
systems  such  as  composite  propellants. 
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Arguments  against  the  melt  come  from  the  rather  small  particle  diameter  and 
the  dependence  of  the  burning  rate  of  propellants  on  pre-Uradlatlon  as 
reported  by  Flanagan  and  Gray(19).  At  70  atm,  the  burning  rate  of  one  type 
Increased  by  30%  thus  proving  the  Influence  of  the  lattice  defects.  Those 
defects  should  have  been  equalized  in  a  melt.  On  the  other  hand,  the  surface 
temperatures  measured  by  several  Investigators  and  different  methods  resulted 
In  nearly  the  same  value  as  the  proposed  melting  point.  Therefore,  one  has  to 
admit  that  in  most  cases  the  vibration  is  fully  excited  and  a  question  of 
less  importance  remains:  whether  the  reactivity  of  AP  predominates,  l.e. 
sublimation  occurs,  or  some  Influences  will  delay  the  decomposition,  i.e. 
enabling  a  melt. 


THE  GAS  PHASE  REACTION  OF  AP 


Compared  to  the  reactions  in  the  condensed  phase  of  AP  we  know  much  more, 
though  not  enough,  of  those  in  the  gas  phase,  because  in  the  latter  case  the 
different  steps  could  be  analysed  separately.  Representative  of  the  great 
number  of  investigations,  only  the  latest  publication  cat)  be  cited.  Pearson 
and  Jacobs(20)  proposed  the -following  mechanism: 

A  p r  >ton  transfer(21)  in  the  solid  produces 


NH 


3  (gas) 


+  HG10 


4  (gas) 


(13) 


The  next  important  step  is  given  by  the  oxidation  of  NH3  by  CIO  after  the 
decomposition  of  HC104  (CIO  +  OH  +  O2): 

NH3  +  CIO  - »  NH2  +  C10H  (14) 

The  third  step  reaction  should  involve: 

C10H  +  OH  - »  CIO  +  H20  (15) 

NH2  +  02  »  UNO  +  OH  (16) 

Then  the  scheme  becomes  more  obscured  by  the  different  possible  combinations 
resulting  in  the  formation  of  H20,  On,  Cl2,  HC1 ,  NO,  N^O,  NO.,,  and  Ng,  at  last. 

This  paper  cannot  follow  all  the  various  details  of  the  analysis  ->f 
Jacobs  and  Pearson  yet  some  remarks  are  necessary  her».  The  overall  .»at 
balance  shows  that  the  decomposition  flame  will  not  be  endothermic  prior  to 
reaction  following  equations  15  and  16.  This  fact  stresses  the  importance  of 
catalytic  acceleration  of  the  previous  reactions  in  order  to  increase  the 
energy  feedback  to  the  surface.  In  accordance  with  this  idea,  Pittman  proved 
the  effectiveness  of  iron  containing  catalysts  in  relation  to  the  HCIO^- 
decomposition(22) . 


Though  such  a  conclusive  investigation  is  not  available  for  other  catalysts, 
the  general  impression  tends  to  the  exclusion  of  remarkable  catalytic  effects 
in  the  condensed  phase.  In  the  case  of  metal  compounds,  the  strong  Influence 
on  the  deflagration  of  AP  is  ascribed  to  the  formation  of  metal  perchlorates 
prior  to  the  decomposition. 

Two  ways  must  be  considered  as  possible  realistic  models  for  the  theoretical 
analysis:  isothermal  horizontal  layers  or  vertical  streams.  As  there  is  no 
thermal  equilibrium,  the  way  seems  more  promising  to  study  the  influence  of  the 
heat  generated  by  the  exothermic  decomposition  of  the  initial  decomposition 
products  of  HC10,.,  on  the  condensed  phase  though  the  oxidization  of  NH3  needs 
5.1  lccal/mole  ana  this  energy  will  partially  be  taken  from  the  previous 
reactions.  Unfortunately,  the  question  is  still  open  whether  the  sublimation 
energy  will  mainly  be  supplied  by  the  reactions  following  equation  15  and  16 
or  by  the  local  exotherm  of  the  HCIO^  decomposition.  In  this  respect,  the 
existence  of  pores  and  holes  in  the  AP  needs  attention  again  for  they  provide 
an  excellent  physical  basis  for  an  increased  heat  transfer  from  the  initial 
exothermic  reaction  steps. 
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THE  DECOMPOSITION  OF  THE  BINDER 

The  combustion  of  polymers  was  studied  extensively  though  not  yet 
completely.  The  most  informative  data  is  to  be  derived  from  pyrolysis 
experiments.  There  are  too  many  polymers  to  deal  with  the  details  here. 

But  generally,  they  do  not  differ  very  much  with  respect  to  the  burning 
behaviour  in  propellants.  The  mechanism  Includes  two  steps:  depolymerization 
followed  by  desorption  of  the  monomer  from  the  surface  of  the  propellant. 

As  these  processes  are  endothermic,  the  energy  feedback  plays  an  important 
role.  The  gaseous  products  react  with  the  oxidizers'  products  in  a  diffusion 
flame.  Therefore,  the  burning  rate  can  be  influenced  by  the  degree  of  poly¬ 
merization  and  on  the  other  side  by  catalysts,  though  the  margin  is  rather 
limited.  This  is  not  true  for  NO-containing  binders  or  similar  ones  which 
can  increase  the  burning  rate  of  composites  considerably.  As  far  as  the 
author  knows,  the  once  supposed  subsurface  reaction  between  fuel  and  AP  could 
not  be  answered  positively.  But  for  some  special  purpose,  a  dependence  on  the 
fuel  surface  was  reported  by  Steinz(23)  with  respect  to  the  existence  of  a 
i.iquid  phase. 


THE  COMBUSTION  MECHANISM  OF  COMPOSITE  PROPELLANTS 

The  main  heat  release  of  heterogeneous  propellants  occurs  in  a  diffusion 
flame  consisting  of  decomposition  products  of  both  the  binder  and  the  oxidizer. 
The  latter  forms  a  premixed  type  decomposition  flame  with  a  significant 
exotherm.  Whether  there  is  an  exothermic  decomposition  in  the  condensed  phase 
remains  dubious.  Generally  spoken,  the  combustion  mechanism  seems  to  be  rate 
controlled  by  energy  feedback  from  the  gas  reactions  though  the  mechanism  is 
rather  complex  and  the  controlling  steps  may  vary  in  different  regions  of 
temperature,  pressure,  and  mixture  ratio.  Several  combustion  models  and 
theories  exist,  the  most  developed  one  by  Summerfleld  and  coworkers ( 24 ) . 

As  this  theory  is  based  on  an  essentially  one-dimensional  steady  model, 

Fenn(25)  developed  a  "Phalanx"  flame  model  that  takes  account  of  the  hetero¬ 
geneity  of  the  propellants.  So  did  Hermance(26)  in  a  rather  close  approach 
to  the  complex  mechanism.  Despite  this  complexity,  the  model  should  be  con¬ 
sidered  again  for  all  tho  models  treat-  the  combustion  as  a  steady  process. 

The  present  author(18)  reported  that  most  propellants  burn  by  small  flame 
nuclei.  Thus,  the  surface  is  attacked  by  an  unsteady  process  on  a  microscopic 
scale.  Of  course,  the  influence  of  these  nuclei  averages  statistically  all 
over  the  surface  and  establishes  e  steady  regression  rate.  Yet,  the  nucleus 
burning  mey  cause  great  instabilities  and  seew  t'  he  important  in  the 
quenching  mechanism. 

Now,  the  microscopic  pictures  of  Boggs(17)  and  this  author  prove  that 
even  the  AP  crystals  do  not  burn  steadily  but  show  prlviledged  reactivity 
sites.  On  the  other  hand,  shadowgraph  pictures  of  the  author(18)  showed  that 
trie  AP  particles  in  a  propellant  need  a  rather  long  time  before  they  burn 
very  fast  (Fig.  12).  It  is  apparent  that  ammonium  perchlorate  has  many 
different  modes  of  burning  behaviour.  The  causes  of  these  differing  modes 
must  be  Included  in  a  theoretical  propellant  combustion  model.  Three  such 
facts  to  be  included,  though  the  domains  in  which  they  are  important  have 
not  yet  been  exactly  defined,  are: 

(a)  the  existence  and  influence  of  lattice  defects, 

(b)  the  existence  of  a  mechanism  causing  periods  of 
slow  and  fast  decomposition,  and 

(c)  the  existence  of  prlviledged  reactivity  spots  of 
the  order  of  1  -  10  p. 
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Fig.  6.  Curves  showing  the  effect  observed  when  the  decompo¬ 
sition  of  unirradiated  whole  crystals  is  interrupted,  the  sample 
irradiated,  and  the  decomposition  resumed.  The  decomposition 
temperature  was  227“C  and  the  dose  5.7  X 10*  rad.  The  decomposi¬ 
tion  of  the  unirradiated  material  was  interrupted,  corresponding 
to  the  curves  from  left  to  right,  at  0,  20,  50,  80,  110,  and  220  min 
after  the  decomposition  was  started.  The  right  most  curve  is  for 
unimdiated  material.  (Solid  line). 


IOC*  DOSE  (CIO) 


Fic.  5.  The  effect  of  gamma-ray  irradiation  prior  to  decomposi¬ 
tion  on  the  nucieation  rate  in  the  Avramr-Erofeycv  theory. 
This  was  derived  from  a  fit  of  Eq.  (12)  to  the  arceleratory  region 
data  given  in  Fig.  3  of  Paper  I  (preceding  paper). 
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Fig.  1  The  influence  of  the  number  of  defects  on  decomposition 
of  AP 
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Fig.  3  A  quenched  surface  in  two  SEM-modes 
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Comparison  of  quenched  and  cut  surfaces 
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Fig.  6 


SEM-pictures  of  the  onset  of  the  AP-reaction  in  a  burning 
propellant  at  1  atm 
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The  interior  of  boles  in  quenched  AP-particles;  pressure 
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a  rare  type  of  rectangular  dislocations  propellant 
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Fig.  10  Burning  rate  of  AP  (Boggs(17)  ) 


Fig.  11  Reduced  melting  point  vs.  interlonlc  distance  (after 
Cordes(6)  ) 


Fig.  12  Shadowgraph  of  burning  AP  propellant(lS) 
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SUMMARY 


The  problem  of  mixing  and  combustion  in  adjacent  turbulent  streams,  one  of  which 
contains  solid  particles,  is  analyzed.  The  analysis  considers  the  response  of 
solid  particles  to  the  spectrum  of  turbulent  fluctuations  in  the  surrounding 
medium,  and  determines  the  turbulent  transport  properties  of  particle  clouds  in 
terms  of  particle  size,  characteristic  flow  time  and  properties  of  the  surrounding 
flow  field.  The  conservation  equations  for  turbulent  mixing  are  then  derived. 
Various  particle  sizes  are  considered,  resulting  in  a  multi-component  particle 
diffusion  process.  Also,  a  new  mechanism  for  particle  combustion,  based  on  the 
relative  turbulent  velocity  between  the  particles  and  their  surrounding  oxidizing 
medium,  is  analyzed.  The  conservation  equations  are  amenable  to  numerical  inte¬ 
gration;  numerical  examples  are  given,  which  show  the  characteristics  of  the 
particle  diffusion  and  combustion  process. 


as 


LIST  OF  SYMBOLS 


a  defin'd  by  Eq.  (l,a) 

Cp  coefficient  of  specific  heat 

D  turbulent  diffusion  coefficient 

E  energy  spectrum  function 

h  static  enthalpy 

K  combustion  efficiency  coefficient,  also  coefficient  of  turbulent  conduc¬ 

tivity 

I>e  Lewis  number 

m  mass 

M  molecular  weight 

Np  particle  number  density 

p  static  pressure 

Pr  Prandtl  number 

r,  half  radius  of  mixing  region 

r 1  particle  radius 

IT  jet  radius 

Ro  universal  gas  constant 

S  particle  surface  area  ^ 

t  time 

T  static  temperature 

u,v  velocity  components,  also  lagrangian  components  of  velocity  turbulent 

fluctuations 

vr  particle-fluid  relative  velocity 

vw  "washing  velocity" 

x, y  physical  coordinates,  also  lagrangian  coordinates 

Z  random  function,  defined  by  Eq.  (2) 

a  mass  fraction 

Y  ratio  between  diffusion  coefficients  of  solid  particles  and  fluid  particles 

<!>  height  of  mixing  boundary 

e  diffusion  coefficient 

y  viscosity  coefficient 

p  mass  density 

Op  specific  gravity  of  solid  particle 

t  shear  stress 

u  angular  frequency 

<L  mass  rate  of  production 

SUBSCRIPTS  AND  SUPERSCRIPTS 

f,g  refers  to  fluid  or  gas 

i  refers  to  gaseous  species  i,  also  initial  condition 

L  lagrangian 

P  refers  to  particle  of  radius  rp 

T  refers  to  gas  plus  particles,  also  turbulent  quantity 

£  centerline  value 

Tg)  gaseous  phase 

(s)  solid  phase 

(  )  mean  value 

(,)'  fluctuating  value 

(  ) A  time  derivative 

(  )  complex  conjugate 


25-1 


THE  STUDY  OF  TWO-PHASE  FLOWS  has  received  much  attention  in  the  past.  Two  main 
areas  have  been  the  object  of  investigations  a)  inviscid  and  viscous  laminar  gas- 
partrcle  flows,  of  which  a  comprehensive  treatment  is  contained  in  the  work  of 
Marble  (1) ,  b)  the  flow  of  discrete  solid  particles  in  a  homogeneous  field  of 
turbulence,  as  described  and  properly  referenced  in  Hinze's  textbook  (2).  An  exten¬ 
sion  of  Marble's  treatment  to  include  mixing  of  parallel  streams  containing  solid 
particles  has  been  carried  out,  later  on,  by  Channapagadra  et.al.  (3),  for  laminar 
mixing  and  by  Tirumalesa  (4),  for  turbulent  mixing.  However,  in  the  latter  case, 
no  detailed  information  on  particle  turbulent  transport  coefficients  is  provided. 

A  novel  approach  to  the  treatment  of  mixing  and  combustion  of  solid  particles  in  a 
turbulent  stream  is  presented  here.  Rational  models  for  the  contribution  of  tur¬ 
bulence  in  the  mixing  and  combustion  of  solid  particle  clouds  in  turbulent  streams 
are  developed.  These  are  then  incorporated  in  the  analysis  of  an  inner  stream,  con¬ 
taining  solid  particles  of  different  sizes,  which  mix  and  burn  with  an  adjacent 
gaseous  stream. 

In  synthesis,  our  approach  is  the  following.  We  study  first  the  motion  of  single 
solid  particles  in  a  homogeneous  field  of  turbulence  and  determine,  in  terms  of 
particle  size,  spectrum  of  turbulence  and  time,  particle  diffusion  lengths  and 
particle  turbulent  velocities.  In  doing  so,  concepts  from  statistical  theory  of 
turbulence,  as  well  as  results  from  previous  investigations,  are  utilized!  c.f., 

C 5 )  ,  (6)  and  (7) .  We  then  apply  these  results  to  define  turbulent  transport  prop¬ 
erties  of  clouds  of  solid  particles  in  non-homogeneous  turbulent  flow  fields  and 
to  determine  the  dependence  of  particle  combustion  upon  the  turbulence  of  the 
surrounding  medium.  With  this  information,  we  then  formulate  the  conservation 
equations  of  the  system  composed  of  solid  particles  and  gaseous  species. 

In  general,  when  writing  the  conservation  equations  one  must  add  to  the  contribu¬ 
tions  of  turbulence,  those  contributions  due  to  molecular  effects,  such  as  mean 
velocity  and  mean  thermal  lags  as  defined,  e.g.,  by  Marble,  as  well  as  all  the 
other  contributions  associated  with  possible  changes  of  state  of  solid  or  con¬ 
densed  phases.  For  simplicity  these  contributions  will  be  disregarded  here,  but 
they  can  be  easily  included  if  desired.  Indeed,  the  primary  object  of  the  pre¬ 
sent  research  is  to  emphasize  the  effects  of  turbulence  on  particle  diffusion  and 
combustion. 

MOTION  OF  SOLID  PARTICLES  IN  HOMOGENEOUS  FIELDS  OF  TURBULENCE 


The  relevant  feature  in  the  motion  of  a  solid  particle  in  a  turbulent  medium,  is 
its  dynamical  response  to  the  spectrum  of  the  turbulent  fluctuations  of  the  surround¬ 
ing  fluid.  Because  of  inertia,  the  particle  tends  to  lag  with  respect  to  the  motion 
of  the  fluid;  the  greater  the  mass  of  the  particle  the  greater  is  the  lag.  The 
velocity  lag  of  the  particle  with  respect  to  the  fluid  has  important  consequences: 
a)  the  particles  will  diffuse,  in  general,  less  than  the  fluid,  b)  if  the  relative 
motion  between  particle  and  surrounding  fluid  is  strong  enough,  the  classical  con¬ 
cepts  of  particle  combustion  by  diffusion  controlled  processes  must  be  revised  and  a 
new  interpretation  of  particle  combustion  in  turbulent  media  is  required. 


A  quantitative  evaluation  of  particle  diffusion  and  of  particle-fluid  relative  veloc¬ 
ity  will  be  first  obtained  for  the  case  of  single  particles  in  homogeneous  turbulent 
fields.  When  the  particle  is  spherical  and  follows  Stokes  drag  law,  the  equation  of 
motion  of  the  particle  is 


vp(t)  +  a  Vp(t)  =  a  vf(t) 

where 


Cl) 


a 


4.5  y,/  or  r 


P  P 


(l,a) 


and  where  v„  and  Vf  are  turbulent  velocity  components.  The  several  restrictions 
under  whicnsuch  equation  may  be  written  are  stated,  e.g.,  in  Hinze  (2).  Neverthe¬ 
less,  fairly  conclusive  results  on  the  effects  of  inertia  on  particle  motion  can  be 
obtained  by  solutions  of  Eq  (1) . 


Solution  of  Eq  (1)  may  now  be  obtained  as  follows.  Represent  the  turbulent  velocity 
of  the  fluid  by  the  stochastic  Fourier-Stielt jes  integral 

Vf(t)  =  j  e^ut  dZ(w) 


where  so  is  an  angular  frequency  and  where  dZ (u>)  is  related  to  the  Lagrangian  energy 
spectrum  by  the  relationship 

dZ  (or)  dZ*(w)  «  El(id)  d<D 


! 


I 


(2) 
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such  that 


E  (<j)  doi 
Ii 


Then  solution  of  Eq  (1)  yields 


v„(t)  -  e"at 


vp<0)  “  STTETdz(“>  +  J~_“  STTET  eiWt  dz 


(w) 


(3) 


(4) 


where  v  (o)  is  the  initial  turbulent  velocity  of  the  particle,  at  time  t“0.  A 
statistical  description  of  vp(o]  must  now  be  specified  in  order  to  complete  solu¬ 
tion  C41 .  For  the  mixing  problem  under  study,  where  particles  may  be  assumed  to 
be  injected  into  the  mixing  region  with  no  initial  turbulent  velocity,  it  is  real¬ 
istic  to  take  Vp(o)«0.  Then: 


ieiu)t  _  e-at 


] 


dZ  (w) 


and 


v"  ■  LI 

Vf(t)  -  v  (t)  -  f  — L_  f  iioeitot 

f  P  J  a+iiu  L 


vr(t) 


+  ae“at 


d"  (u) 


He  then  take  averages  with  respect  to  a  large  number  of  particles  and  obtain,  by 
invoking  Eq  (3) 

r “  ,  ,  “ 2 at  -at 

r:t  _/  u)z+a2e  -2aw  sin  ute 
r  - 


El  (ui)du 


Consider  now  the  displacement 


yp(t) 


71' 


Vp(t)  dt 


of  those  particles  which  intersect,  at  t*0,  the  plane  x-0.  Then 

yP(t)  - 


and  by  taking  averages 


y*Ct> 


■r 

-'-a 


_  (l-cos  ut) 
2  2 
ur 


+  —  (l-e 
a 


-  |  (l-e_at)  -2  8in 


n  u)t  1 

w  J 


E  (in)  dte) 
L 


C5) 


(6) 


Finally,  by  representing  the  diffusion  coefficient  in  the  usual  manner 
c 


x  sL  p-(t) 


2  dt 


one  obtains 


(l-e“at) 


r 


a2 

a^+w' 


+  ie"a^  -i  COS  teltl  E  (tel)  d tel 


(7) 


as  compared  with  the  diffusion  coefficient 


sin  tot  et  (tei)  dw 

(a)  Ij 


(8) 


pertaining  to  fluid  particles. 

A  description  of  the  energy  spectrum  of  the  turbulent  flow  field  is  now  required 
in  order  to  evaluate  the  integrals  of  Eqs  (3) ,  (5) ,  (7)  and  (8) .  The  difficulties 
associated  with  the  description  of  Lagrangian  energy  spectra  are  well  known,  c.f. 

(2)  and  (8) >  the  point  of  view  will  be  taken  here  of  representing  Lagrangian  spectra 
by  available  Eulerian  time  spectra  and  of  determining  particle  diffusion  coefficient 
and  particle  relative  velocity  in  a  turbulent  flow  field  of  known  spectral  distribu¬ 
tion  E  (te>)  . 
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For  this  purpose  we  select  the  energy  spectrum  of  Figure  (1)  which  is  due  to 
Favre  (9)  and  determine  in  terms  of  a  and  in  terms  of  time  t,  the  ratios  tn/ce 
and  v'/v'.  For  typical  particles  having  specific  gravity  of  1  gram/cm1  and  radii 

of  1,  10,  50  and  100  y,  respectively,  the  results  are  shown  in  Figures  (2)  and 
( 3 )  .  ^ 


Clearly  indicated  by  these  figures  is  the  dependence  of  particle  diffusion  co¬ 
efficient  and  particle-fluid  relative  velocity,  upon  particle  size.  Also  indicated 
is  the  strong  dependence  upon  particle  residence  time,  t.  It  follows,  therefore, 
that  the  selection  of  the  ratios  e_/Ef  and  v£/v|  is  contingent  upon  the  characteris¬ 
tic  flow  time  of  the  problem  one  is  interested  in. 


With  these  results,  the  study  of  turbulent  mixing  and  combustion  of  solid  particle 
clouds  may  now  be  undertaken. 

TRANSPORT  PROPERTIES  OF  PARTICLE  CLOUDS  IN  MIXING  REGIONS 


The  motion  of  solid  particle  clouds  in  a  turbulent  flow  field  must  recognize  the 
interaction  among  the  particles  themselves  as  well  as  the  interactions  with  the  sur¬ 
rounding  gas.  To  a  first  approximation,  the  interactions  among  particles  having 
random  distribution  of  turbulent  velocities  are  formally  analogous  to  interactions 
among  molecules  in  a  gas?  thus  a  representation  along  the  lines  of  classical  kinetic 
theory  of  gases  would  be  in  order.  We  present  here  an  analysis  of  the  simplest  case, 
namely  that  of  negligible  interaction  among  the  particles  themselves. 

With  regard  to  interaction  between  turbulent  gas  flows  and  solid  particles  a  suitable 
novel  model  must  be  developed.  But  the  basic  component  of  this  model  is  provided  by 
the  analysis  of  the  response  of  a  solid  particle  to  the  turbulent  velocity  fluctua¬ 
tions  described  earlier. 

The  flow  field  produced  by  the  mixing  of  two  gaseous  streams  is  non-homogeneous  and 
has  its  own  characteristic  diffusion  time.  However,  it  appears  reasonable  to  assume 
that  local  conditions  of  fluid  density  and  velocity  conform  to  conditions  of  homo¬ 
geneity,  with  respect  to  the  overall  scale  of  the  mixing  process.  With  regard  to 
diffusion  times,  for  representative  particles  as  those  considered  in  Figures  (2)  and 
(3) ,  the  dynamical  relaxation  time  of  the  particle  may  be  of  comparable  magnitude  to 
the  gaseous  diffusion  time.  Then-^-a  piece-wise  (with  time)  integration  of  the  par¬ 
ticle  response  at  the  prevailing  local  conditions  is  required. 

Our  approach  to  the  solution  of  the  problgm  at  hand  may  be  clarified  now.  We  intend, 
in  fact,  to  utilize  the  ratios  ep/e f  and  v£/v|  pertaining  to  homogeneous  turbulent 
flows  and  postulate  that  the  samb  ratios  hold  for  mixing  problems  at  corresponding 
characteristic  flow  times.  Then  we  regard  the  solid  particle  flow  as  a  continuum 
turbulent  flow  and  treat  it  by  the  usual  type  of  conservation  equations  pertaining 
to  turbulent  gas  flows.  The  only  difference  between  these  equations  and  those  for 
the  gaseous  species  present  in  the  mixture,  is  that  in  the  case  of  particles,  dif¬ 
ferent  turbulent  transport  properties  must  be  introduced. 


Traditionally,  in  the  case  of  turbulent  gaseous  mixing,  the  turbulent  transport  co¬ 
efficients  are  described  in  terms  of  empirical  expressions  based  on  experimental  data. 
Several  models  have  been  proposed  in  the  past.  Usually,  the  coefficients  are  taken 
to  be  constant  at  each  cross  section,  that  is,  functions  of  the  x-coordinate  only. 

Most  important,  no  matter  what  kind  of  model  one  selects,  the  momentum  transport 
coefficient  or  eddy  viscosity,  is  essentially  expressed  in  the  form 


Ug  ~  f  P  U 

where  2.  p  and  u  are  characteristic  lengths,  densities  and  velocities,  respectively. 
Eddy  diffusivity  and  eddy  conductivity  are  then  provided  by  the  relationships 


and 


K  = 


where  Le  and  Pj.-  are  the  turbulent  Lewis  and  Prandlt  numbers,  usually  assumed  to  be 
of  order  one. 


The  formulation  of  the  transport  coefficients  for  the  particle  clouds  is  now  im¬ 
mediately  available  by  invoking  previous  conclusions.  Indeed  we  may  write 
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P 


Yp  ug 


K„ 


Yp  Kg 


iLSwff  iS'  in  general.,  a  function  of  particle  size  and  flow  time,  and 
is  given  by  the  expressions  previously  derived. 

EFFECTS  OF  TURBULENCE  ON  PARTICLE  COMBUSTION 


The  previous  results  indicate  not  only  different  diffusion  coefficients  for  the 
solid  particles,  but  also  the  existence  of  a  relative  velocity  between  particles 
of  larger  size  and  the  surrounding  fluid.  The  implication  of  this  relative  veloc¬ 
ity  is  of  importance  in  defining  particle  combustion  in  a  turbulent  medium. 


Assume  for  a  moment  that  turbulence  is  not  present,  and  that  particle  combustion 
is  initiated.  Then,  during  the  steady  process  of  combustion,  according  to  classi¬ 
cal  combustion  models, ,  a  combustion  zone  several  times  larger  than  the  size  of  the 
particle  is  formed  around  the  particle.  Both  the  arrival  rate  of  oxidizer  to 
either  the  flame  front  or  the  surface,  and  the  heating  of  the  particle  surface,  are 
controlled  by  a  diffusion  process  within  this  zone. 

Consider  then  the  effects  of  turbulence.  The  turbulence  produces,  for  large  size 
particles,  a  relative  motion  between  the  particle  and  the  surrounding  fluid.  This 
motion  is  time  dependent,  has  high  frequencies,  and  its  direction,  relative  to  the 
particle,  changes  continuously  and  rapidly.  Therefore,  the  configuration  and  the 
steadiness  of  the  combustion  zone  as  corresponding  to  the  classical  concept,  is  con¬ 
tinuously  disrupted  and  the  classical  models  become  inapplicable. 

The  very  reasons  which  exclude  the  diffusion  flame  model  suggest  a  new  combustion 
mechanism.  In  fact,  if  there  exists  a  turbulent  relative  velocity  between  the  parti¬ 
cle  and  the  turbulent  fluctuations  around  the  particle,  there  also  exists  a  relative 
mass  flow.  This  brings  oxidizer  to  the  particle  surface,  initiates  combustion  if 
the  particle  surface  is  sufficiently  hot,  removes  the  combustion  products  from  the 
surface  and,  therefore,  creates  a  condition  of  continuous  burning. 

The  relative  velocity  between  particles  and  fluid  defines,  on  the  mean,  the  amount  of 
oxidizer  brought  to  the  particle  surface  and  represents  the  controlling  mechanism  of 
large  particle  combustion  in  a  turbulent  environment.  We  identify  this  relative  ve¬ 
locity  as  the  "washing  velocity"  and  define  it  by  the  quantity. 

vw  -  (v£)*  =  (v£/vf)*  (vf)* 

where  vf  is  the  local  mean  square  value  of  the  turbulent  velocity,  and  where 

(v£/v|)  is,  as  discussed  before,  a  function  of  particle  size  and  particle  residence 

time. 


With  these  premises  we  are  now  in  the  position  of  defining  the  mass  rate  of  arrival 
of  oxidizer  to  the  particle  surface  due  to  washing.  This  is  given  by 


S  v 


where  S  is  the  particle  surface  area,  vw  the  washing  velocity,  and  PC>2  the  average 
loc.  1  concentration  of  oxygen  around  the  particle.  Then,  for  a  general  reaction  of 
the  type 


a  F(s)  +  b  02 ( 9)  *  c  P  (g)  , 

the  burning  rate  of  the  solid  particle  of  chemical  species  F  and  molecular  weight  Mj 
is  given  by 

“f  “  “  K(aVbM0  »V 


and  the  rate  of  production  of  combustion  products  P(g)  by 
mp(g)  -  K  (aMp  +  bM^  )/bMQ2 
where  K  is  an  efficiency  coefficient. 


K 


Admittedly,  more  detailed  analyses,  and,  more  likely,  experimental  results  are  war¬ 
ranted  for  a  detailed  quantitative  evaluation  of  the  coefficient  K,  to  account  for 
effects  such  as  molecular  scale  effects,  surface  reaction  efficiency  and  particle- 
particle  interaction.  However,  the  overall  feature  of  the  washing  mechanism  on 
particle  combustion  is  indicate^  by  the  previous  discussion. 
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hn^?on°2?™£=S3auCtbee!}  a?plfe?  by  the  authors,  (10),  for  the  determination  of  com- 
bustion  t-mes  of  hot  spherical  boron  particles  of  different  sizes.  Typical  results 
pertaining  to  flow  conditions  encountered  in  the  secondary  combustor  of  an  air- 
augmented  solid  rocket  engine  are  presented  in  Figure  (4).  shown  in  the  figure  is 
the  percent  variation  of  the  boron  particle  mass  during  a  combustion  process  con** 
trolled  by  washing  for  a  chemical  reaction  of  the  type 


2  B(s)  +  3/2  02  +  B2  03  (g) 

(The  validity  of  this  reaction  for  hot  boron  particles  has  been  discussed  in  (10)). 
Particles  having  an  initial  radius  of  SO  and  100  u  and  entering  the  turbulent  flow 
field  with  zero  initial  turbulent  velocity,  are  considered.  The  fluid  surrounding 
the  particle  has  been  taken  to  be  air  at  a  temperature  of  500°K  and  with  a  turbulent 
velocity  of  about  50  ft/sec.  A  value  of  the  coefficient  K  equal  to  unity  was  assumed. 

The  combustion  mechanism  based  on  washing  applies  only  to  larger  size  particles,  say 
particles  having  a  radius  of  more  than  50  u*  For  smaller  particles,  no  washing  occurs 
and  in  the  limit  of  very  small  particles,  say  of  the  order  of  1  |i,  free  molecular 
transfer  will  prevail.  For  intermediate  size  particles  a  proper  superposition  of  the 
two  effects  must  be  considered.  This  is  also  discussed  in  (10). 


THE  CONS  EP.VAT  ION 


EQUATIONS 


With  the  assumptions,  previously  stipulated,  of  no  mean  velocity  and  thermal  lag  be¬ 
tween  particles  and  surrounding  fluid,  we  formulate  here  the  conservation  equations 
for  the  mixing  of  two  coaxial  streams  containing  several  gaseous  species  and  clouds 
of  reacting  solid  particles  of  different  sizes.  The  usual  boundary  layer  approxima¬ 
tions  are  made.  It  is  also  assumed  that  the  mixing  occurs  at  constant  pressure  and 
that  the  laminar  viscous  terms  are  negligible  with  respect  to  the  turbulent  ones. 

In  deriving  the  conservation  equations  we  first  relate  instantaneous  values  to  mean 
and  fluctuating  values  by  the  relationships 
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where  i  refers  to  the  ith  gaseous  species  and  where  p  refers  to  the  particle  cloud 
composed  of  spherical  particles  of  radius  rp. 

We  then  perform  the  averaging  procedures  by  the  standard  rules.  The  resulting  equa¬ 
tions  are  written  below.  For  convenience  mean  quantities  will  be  now  indicated  with¬ 
out  a  bar. 


CONSERVATION  OF  MASS.  For  the  ith  gaseous  species;  the  diffusion  equation  is 
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where  uk  is  the  mass  rate  of  formation  of  species  i. 

For  the  pth  particle  cloud, 
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where  wp  is  the  mass  rate  of  burning  of  the  pth  particle  cloud. 

We  now  impose  the  condition 
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and  obtain 
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where 


the  overall  continuity  equation 
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We  then  express  the  correlations  p'  v'  and  p'  v*  in  the  form 
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by  invoking  the  general  relationship  v*  r*  =  e  —  for  the  turbulent  diffusion  of  the 
scalar  r  =  P  +  r 1 .  3y 


Finally,  by  defining 
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OVERALL  MOMENTUM.  The  overall  momentum  equation  of  the  gas-particle  system 
is  obtained  by  summation  of  the  individual  equations  of  conservation  of  momentum  of 
all  gaseous  species  and  of  all  particle  clouds.  The  result  is 
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ENERGY.  Again,  the  overall  energy  equation  is  obtained  by  adding  together 
the  contributions  of  the  individual  gaseous  species  and  solid  particle  clouds,  to 
yield 
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where 
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We  now  define 
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and  then,  by  invoking  the  two  diffusion  Equations,  (11)  and  (12),  we  obtain 
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The  conservation  equations,  Eqs.  (10),  (11),  (12),  (13)  and  (14),  are  then 
complemented  by  the  equation  of  state,  by. a  description  of  the  turbulent  transport 
coefficients  and  of  the  production  terms  cjj^  usPf  and  by  a  specification  of  the  ini¬ 
tial  and  boundary  conditions. 

For  a  system  of  solid  particles  and  gaseous  species,  by  disregarding  the  volume  occu¬ 
pied  by  the  particles,  the  equation  of  state  may  be  written  in  the  form 

PT  =  p(R0T  l  ii)"1 
i  Mi 

where  the  summation  over  i  includes  the  gaseous  species  only. 

Turbulent  transport  properties,  production  terms,  and  initial  conditions  for  particTe 
clouds  will  be  detailed  below  for  a  set  of  typical  numerical  examples. 

INTEGRATION  OF  THE  CONSERVATION  EQUATIONS  AND  NUMERICAL  EXAMPLES 

Eqs .  (10)  to  (14)  have  been  transformed  from  the  x-y  variables  to  the  x-\|i  variables, 
where  i|/  is  the  stream  function  or  von  Mises  coordinate.  The  equations  have  then  been 
cast  in  a  finite  difference  form  and  solved  by  an  explicit  finite  difference  scheme. 
The  formulation  of  Zeiberg  and  Bleich,  (11)  ,  has  been  followed. 

A  few  applications  of  these  equations  to  problems  of  mixing  and  burning  of  solid  par¬ 
ticles  have  then  been  performed.  In  this  connection  an  eddy  viscosity  for  gaseous 
species  of  the  form 

Ug  =  k  rj  (pu)  g 

has  been  assumed,  by  following  Zalckay,  (12).  It  then  results,  for  particle  clouds, 
that 


Up  =  Yp  Wg  (Pp/Pg)  £ 


and 
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Combustion  of  solid  boron  particles  by  the  washing  mechanism  has  also  been  considered. 
Then,  for  the  chemical  reaction 
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is  the  number  density  of  solid  particles  of  radius  rp. 


Step  profiles  for  the  initial  distribution  Np(y)  of  particle  number  density  have  been 
taken  here.  However,  the  program  is  capable^of  handling  arbitrary  distributions  of 
particle  number  density  and  any  large  (although  discrete)  number  of  particle  initial 
radii . 


Typical  numerical  results  are  given  in  Figures  (5)  to  (8) .  Figures  (5)  and  (6)  refer 
to  a  jet  of  nitrogen  containing  particles  characterized  by  values  of  yp  equal  to 
unity,  one-half  and  zero.  The  jet  exhausts  into  an  air  stream.  The  two  streams  ars-*" 
parallel.  The  velocity  of  the  jet  is  500  ft/sec.,  the  velocity  of  the  external 
stream  is  700  ft/sec.  The  temperature  of  both  streams  is  300°K,  the  pressure  is  1 
atm.  The  initial  mass  density  of  each  particle  cloud  is  16%  that  of  nitrogen. 

Clearly  indicated  by  these  Figures  is  the  different  mixing  of  the  three  particle 
clouds.  No  combustion  has  been  assumed  in  this  case. 
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Shown  in  Figures  (7)  and  (8)  are  some  characteristic  features  of  the  mixing  and  com¬ 
bustion  of  a  solid  particle  cloud.  The  solid  particles  have  an  initial  radius  of 
100  y  and  are  contained  in  a  nitrogen  jet  which  exhausts  into  an  air  stream.  The 
jet  has  a  radius  of  0.1  ft..,  an  initial  velocity  of  500  ft/sec.,  and  a  temperature 
of  2000°K.  The  initial  mass  density  of  the  particles  is  one-half  that  of  nitrogen. 

The  external  stream  has  a  velocity  of  700  ft/sec.  and  a  temperature  of  !000°K.  The 
pressure  is  10  atm.  A  particle  combustion  process  based  on  "washing"  ii  considered. 
The  assumption  is  made  that  the  combustion  efficiency  coefficient,  K,  is  equal  to 
unity  and  that  the  washing  velocity  is  6%  the  local  mean  velocity  in  the  mixing  re¬ 
gion.  Indicated  by  the  figures  are  the  mixing  boundaries  of  the  particle  cloud  and 
of  the  combustion  products  and  typical  radial  distributions. 

CONCLUSIONS 

The  aim  of  this  effort  has  been  that  of  defining  some  new  physical  concepts  and  of 
providing  analytical  expressions  for  the  mixing  and  combustion  of  solid  particles  in 
turbulent  streams.  It  was  found  that  existing  analytical  models  for  gaseous  mixtures 
cannot  be  readily  applied  to  mixtures  containing  solid  particles.  Depending  upon 
their  inertia,  and  upon  the  properties  of  the  surrounding  medium  and  the  residence 
time,  the  solid  particles  exhibit  a  characteristic  dynamical  response  to  the  fluctua¬ 
tions  of  the  Surrounding  turbulent  flow  field.  This  response  controls  particle  dif¬ 
fusion  and,  for  particles  having  a  radius  of  50  y  or  more,  the  particle  combustion 
process.  Outlined  in  the  paper,  is  the  derivation  of  analytical  models  which  take 
such  effects  into  account.  Specific  expressions  for  diffusion  coefficients  and 
combustion  rates  have  been  derived  and  typical  examples  of  mixing  and  combustion  of 
particle  clouds  have  been  investigated  numerically. 
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FIGURE  3.  PARTICLE-FLUID  KEAN  SQUARE  RELATIVE  VELOCITIES 
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FIGURE  6.  RADIAL  DISTRIBUTION  OF  PARTICLE  NUMBER  DENSITIES 
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SLWARY 

The  combustion  of  maenesii/n  vapour  in  a  quiscent  atmosphere  of  oxygen  and  argon  has  been  studied 
at  low  pressures  (0.5  to  0.9  torr).  The  gross  structure  of  these  flames  has  been  found  to  depend 
on  the  composition  of  the  environment,  the  pressure  in  the  combustion  chambet ,  and  on  the  tem¬ 
perature  of  vaporization.  Steady  flame  conditions  are  difficult  to  maintain  because  of  the 
deposition  of  oxide  in  the  nozzle  passage,  but  by  the  proper  selection  of  the  experimental  vari¬ 
ables  reasonably  steady  conditions  can  be  achieved  for  2  to  4  minutes.  The  temperature  distribu¬ 
tion  in  the  flame  has  been  determined  using  sub-miniature  sheathed,  and  grounded  junction,  thermo¬ 
couples.  Higher  Temperatures  and  lower  intensities  of  emitted  radiations  have  been  recorded  with 
decreasing  oxygen  concentrations.  A  critical  value  of  oxygen  concentration  exists  below  which 
totai  combustion  of  the  vapour  does  net  occur. 

The  applicability  of  Polanyi's  dilute  diffusion  flame  method  to  these  flames  has  been  dis¬ 
cussed.  Reaction  rate  parameters  have  been  obtained  from  the  temperature  pattern  method  and  from 
the  method  of  photographic  photometry.  These  methods  are  based  on  the  dilute  diffusion  flame 
model,  and  the  results  favour  the  predominance  of  homogeneous  rather  than  heterogeneous  reaction, 
as  has  been  suggested  in  the  literature. 


SYMBOLS 

A  A  constant 

C  Concentration 

D  Diffusion  coefficient  of  magnesium  vapour  and  Argon 

k  Reaction  Rate  Constant 

n  Index  used  to  designate  order  of  reaction  with  respect  to  atmospheric  reactant  concentra¬ 

tion 

r  Radius  in  fi--  ;e:  r'  denotes  a  particular  radius 

T  Absolute  Temperature:  T1  denotes  temperature  at  radius  r" 

V  Jet  Velocity 

a  A  constant  2  s  n 

to  Reaction  Rade  Parameter  (to  =  ^  C^) 

Subscripts 

A  Denotes  atmospher ic  reactant  (Oxygen) 

N  Denotes  nozzle  reactant  (Magnesium  vapour) 
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THE  C0M3USTI0N  of  metals  such  as  magnesium  is  characterised  by  the  burning  taking  place  at  some  dis¬ 
tance  from  the  surface  in  the  vapour  phase,  as  distinct  from  surface  burning,  following  Glassman  (l), 
the  mode  of  burning  can  be  predicted  from  a  knowledge  of  the  melting  and  boiling  points  of  metals  and 
their  oxides.  Glassman  postulated  that  if  the  boiling  point  of  the  oxide  is  greater  than  that  of  the 

metal,  then,  turning  occurs  in  the  vapour  phase;  if  the  hoiling  point  of  the  metal  is  greater,  then, 

surface  burning  takes  olsce.  According  to  this  hypothesis  magnesium,  among  other  metals  such  as, 

3.  minium,  beryllium,  and  lithium,  burn  in  the  vapour  phase;  whereas,  metals  such  as  boron,  titanium 
and  zirconium  burn  at  the  surface. 

~'.e  investigation  which  forms  the  basis  of  this  paper  is  concerned  with  the  determination  of  the 

gross  structure,  and  certain  other  features  of  the  reaction,  „f  magnesium-oxygen  diffusion  flames  at 

low  pressures.  When  the  vapour  is  generated  in  sufficient  quantity,  the  gross  structure  of  these 
flames  may  be  studied  in  a  similar  manner  to  that  used  for  gaseous  hydrocarbon  flames.  However,  an 
important  difference  between  gaseOLS  flames  anc  metal  diffusion  (lames  is  the  presence  of  condensed 
products  in  the  reaction  zone.  The  presence  of  these  products  gives  metal  flames  a  distinctive  char¬ 
acter,  and  also  creates  additional  problems  in  their  study.  A  difficulty  that  has  been  encountered 
in  this  investigation,  and  in  that  of  Markstein  (2)  as  well,  is  the  accumulation  of  the  oxide  not  only 
on  a  surface  introduced  into  tne  flame  but  also  in  the  flow  passage  at  the  tip  of  the  burner.  How¬ 
ever,  the  presence  of  oxide  particles  in  the  flame  might  well  be  exploited  to  reveal  certain  aspects 
of  the  structure  of  these  flames.  Some  problems  that  have  arisen  in  the  course  of  this  investigation 
due  to  oxide  deposition  are  briefly  discussed. 

A  property  of  a  flame  that  is  essential  to  the  description  of  its  structure  is  the  local  temper¬ 
ature  and  its  distribution  in  the  flame.  These  have  systematically  been  measured  by  the  authors  in 
low  pressure  magnesium  vapour-oxygen  flames,  using  sub-miniature  sheathed  and  grounded- junction  ther¬ 
mocouples.  Although  thermocouples  have  been  used  in  low  pressure  gaseous  flames,  the  authors  have  not 
been  able  to  find  a  published  reference  to  their  use  in  metal  flames.  There  are,  of  course,  experi¬ 
mental  difficulties  involved  in  this  technique  of  temperature  measurement  due  to  the  deposition  of 
oxide  on  the  probe  surface,  and,  also,  in  the  interpretation  of  data  obtained  by  this  means.  Attempts 
appear  to  have  been  mads  to  determine  the  ‘emperature  of  magnesium  vapour  flames  by  optical  methods 
(3),  the  success  of  which  is  not  generally  xnown. 

Apart  from  a  systematic  determination  cr  the  gross  structure  such  as,  shape,  size  and  colour  of 
magnesium  vapour-oxygen  flames  under  difrerent  environmental  conditions,  the  nature  of  the  reaction, 
and  an  estimate  of  the  reaction  rate  constant  are  also  relevant  matters  of  in+erest.  The  nature  of 
the  reaction  of  these  flames  at  low  pressures  is  not  clearly  known  at  present.  From  the  results  of 
his  early  investigation  of  Mg-Og-Ar  flames,  Markstein  has  suggested  that,  after  nucleation,  the  oxide 
particles  may  grow  predominantly  by  reaction  on  their  surfaces  (2),  (heterogeneous  reaction).  Later, 
however,  he  suggested  that  his  earlier  interpretation  may  have  to  be  qualified,  but  he  does  not  appear 
to  have  reached  a  final  conclusion  on  this  point  (A).  The  results  of  the  authors'  investigation  have 
led  them  to  the  view  that  the  reaction  process  could  be  predominantly  homogeneous.  It  is  clear,  there¬ 
fore,  that  the  uncertainty  regarding  the  nature  of  the  reaction  in  these  flames  has  not  yet  been  re¬ 
solved. 

It  is  difficult  to  produce  steady  magnesium  vapour  flames  for  any  length  of  time,  due,  mainly, 
to  continually  changing  flow  conditions  as  a  result  of  the  accumulation  of  the  oxide  in  the  flow 
passage  near  the  flame.  Thus,  the  time  during  which  the  flame  is  reasonably  steady  is  limited.  The 
accumulation  of  oxide  on  a  thermocouple  surface  immersed  in  the  flame  is  a  more  serious  problem  ana 
severely  restricts  the  time  during  which  the  probe  can  be  so  exposed.  The  effects  of  the  composition 
and  pressure  or  the  environment  on  the  rate  of  oxide  accumulation  in  the  flow  passage,  and  on  some 
features  of  magnesium  flames  are  also  briefly  discussed. 

EXPERIMENTAL  DESIGN 

Details  of  the  apparatus  and  experimental  procedures  used  during  this  investigation  may  be  found  in 
references  (5),  (6)  and  (7).  Flames  have  been  obtained  in  a  slowly  moving  environment  of  oxvgen 
diluted  with  argon,  in  a  stainless  steel  combustion  chamber  of  large  volume  (about  30  litres).  Mag¬ 
nesium  vapour  is  generated  from  turnings  contained  in  a  cylindrical  boron  nitride  crucible  in  a  stain¬ 
less  steel  vaporizer  tube.  A  sectional  view  of  the  combustion  chamber  is  given  in  Figure  1.  The 
temperature  requirec  for  vaporizing  the  magnesium  at  the  pressure  prevailing  in  the  combustion  chamber 
is  obtained  by  joule-heating  the  vaporizer  tube.  The  vapour  is  entrained  by  the  flow  of  carrier  gas 
(argon)  through  the  annular  space  between  the  crucible  and  the  vaporizer  tube,  and  discharged  into  the 
combustion  chamber  through  a  nozzle  located  at  the  tip  of  the  tube.  The  vapour  burns  in  the  form  of  a 
spherical  flame  while  diffusing  outwards,  Figure  2. 

The  current  for  heating  the  vaporizer  tube  is  supplied  by  a  power  controller  in  conjunction  with 
a  temperature  controller.  The  temperature  of  the  tube  can  be  maintained  to  within  i  of  the  desired 
value.  The  crucible  temperature  is  measured  by  means  of  a  stainless  steel,  sheathed  Chromel-Al umel 
thermocouf ' e  which  not  only  supports  the  crucible  but  also  actuates  the  temperature  controller.  The 
combustion  chamber  is  continuously  evacuated  at  a  rate  compatible  with  the  desired  pressure.  The  oxy¬ 
gen  and  argon  which  provide  the  environment  are  commercially  pure,  and  are  dried  before  being  admitted 
into  the  combustion  chamber.  Tho  partial  pressure  of  oxygen  in  t  e  combustion  chamber  is  determined 
by  means  of  an  oxygen  transducer  (Chemtronies  Inc.  Model  GP  10S),  and  the  consumption  of  oxygen  is 
given  by  the  difference  between  the  output  of  the  transducer  before,  and  during,  combustion.  The 
transducer  is  calibrated  by  exposing  it  to  the  ambient  air. 

Temperatures  in  magnesium  vapour  flames  have  been  measured  by  means  of  a  sub-miniature,  sheathed 
Chromel-Alumel  thermocouple  with  a  grounded  junction  (Omega  Ingineering  Inc.).  The  overall  diameter 
of  the  thermocouple  probe  is  0.C10  inch,  which  is  considered  satisfactory  both  from  kinetic  consider¬ 
ations  and  from  the  point  of  view  of  removal  of  the  oxide  by  mechanical  means.  The  thermocouple  probe 
is  mounted  in  a  traversing  mechanism  which  allows  the  probe  to  be  located  at  any  desired  position  in 
that  sector  of  the  flame  nearest  to  the  vertical  pillar  of  the  traverse  mechanism,  Figure  3,  the 
spatial  resolution  of  measurement  being  about  0.010  inch.  The  length  of  the  thermocouple  probe  ex- 
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posed  in  the  flame  is  kept  as  short  as  possible  because  of  the  difficulty  of  removing,  by  mechani¬ 
cal  means,  the  oxide  deposited  on  it. 

Flames  have  been  photographed  using  a  35  mm  camera.  A  microphotometer  (Jarrel  Ash,  J.A.  203) 
has  been  used  to  obtain  the  relative  percent  transmission  values  of  black  and  white  negatives  of 
these  photographs  along  a  line  through  the  apparent  centre  of  the  flame,  and  perpendicular  to  the 
noz2le  axis.  X-ray  diffraction  methods  have  been  used  to  analyse  the  deposits  found  on  exposed 
surfaces  in  the  combustion  chamber  and  on  glass  slides  which  were  inserted  horizontally  in  the  flame, 
at  the  position  of  the  apparent  centre,  for  a  very  short  time. 

PRODUCTION  OF  STEADY  FLAMES 

The  variation  of  the  vaporizer  tube  temperature  which  is  limited  only  by  the  temperature  controller, 
and,  also,  the  accumulation  of  oxide  in  the  nozzle  passage  make  if  difficult  to  obtain  absolutely 
steady  flames  for  any  length  of  time.  The  rate  at  which  the  oxide  accumulates  in  the  nozzle  passage 
has  been  fcund  to  depend  on  the  pressure  and  relative  concentrations  of  oxygen  and  argon  in  the  en¬ 
vironment,  on  the  vaporizer  tube  temperature,  and  on  the  concentration  of  carrier  gas.  The  external 
profile  of  the  nozzle  also  influences  to  some  extent  the  rate  of  accumulation,  probably  as  a  result 
of  changes  in  the  local  flow  pattern  (5).  For  example,  in  a  nozzle  with  a  plane  circular  apron  at 
exit,  accumulation  of  the  oxide  was  rapid,  forming  spherically  on  the  outside  and  penetrating  into 
the  nozzle  passage,  which  was  quickly  closed. 

The  reduction  in  area  of  the  flow  passage  due  to  oxide  accumulation  has  been  determined  for 
durations  of  2  and  4  minutes  under  the  following  experimental  conditions:  total  pressure,  0.5  to 
0.8  torr;  vaporizer  tube  temperature  580  to  612  C  carrier  gas  concentration  10  to  20  percent  mole 
fraction,  and  oxygen  concentration  5  to  35  percent  mole  fraction.  These  experiments  have  indicated 
that  the  rate  of  accumulation  increases  with  pressure,  but  decreases  as  the  carrier  gas  concentra¬ 
tion  and  vaporizer  tube  temperature  are  increased.  «iso,  in  the  lower  range  of  oxygen  concentrations, 
the  rate  of  accumulation  increases  with  oxygen  concentration..  Fox  oxygen  concentrations  of  less  than 
10  percent  mole  fraction,  the  area  of  the  nczzle  flow  passage  may  be  reduced  by  about  5  percent  in 
2  to  4  minutes,  and  is  regarded  as  a  tolerable  level  of  departure  from  ideal  conditions. 

EXTERNAL  APPEARANCE  CF  FLAMES 

A  flame  which  is  suitable  for  observation  and  measurement  is  obtained  only  if  the  vaporizer  tube 
temperature  is  at  least  equal  to  the  saturation  temperature  of  magnesium  at  the  pressure  prevailing 
in  the  combustion  chamber.  The  flame  is  spherical,  although  slight  departures  from  that  shape  may 
occur  at  high  nozzle  velocities  (>  2000  cm/sec).  Depending  on  the  pressure  and  composition  of  the 
environment,  and  on  the  vaporizer  lube  temperature,  the  flame  colour  may  vary  from  a  bluish-white  to 
pale  blue.  Normally,  bluish-white  flames  are  obtained  either  when  the  pressure  is  relatively  high, 
or  when  the  vaporizer  tube  temperature  is  high;  while,  at  lower  pressures  and  at  lower  vaporizer  tube 
temperatures,  pale  blue  flames  are  obtained.  At  the  extremes  of  the  latter  pressure  and  temperature 
conditions,  reaction  may  not  be  visible,  although  the  presence  of  glowing  oxide  at  the  nozzle  tip  is 
evidence  that  reaction  is  occuring.  The  outer  boundaries  of  these  low  pressure  flames  are  not  well 
defined. 

The  effects  of  the  experimental  variables  on  the  appearance  of  magnesium-oxygen  flames  have  been 
systematically  determined  from  flame  photographs,  and  the  results  are  summarized  here.  Details  may 
be  found  in  reference  (7).  As  the  pressure  in  the  combustion  chamber  is  increased,  both  the  flame 
size  and  intensity  of  emitted  radiations  increase.  Similar  changes  have  been  observed  when  the  oxy¬ 
gen  concentration  in  the  environment  is  increased  and  the  pressure  is  held  constant.  There  appears 
to  be  a  limiting  value  of  the  oxygen  concentration,  about  20  percent  mole  fraction,  beyond  which  the 
intensity  of  emission  increases  but  the  size  of  the  flame  decreases.  An  increase  in  carrier  gas  con¬ 
centration,  while  the  pressure  in  the  combustion  chamber  is  held  constant,  results  in  a  reduction  in 
flame  size,  and  also  in  the  intensity  of  emitted  radiations. 

TEMPERATURE  DISTRIBUTION  AND  FLAME  EMISSION 

TEMPERATURE  DISTRIBUTION  The  measurement  of  temperatures  in  a  metal  vapour  flame  in  which  the 
oxide  is  present  in  one  or  more  condensed  phases  is  difficult  when  a  probe  is  used.  These  difficul¬ 
ties  are  primarily  due  to  the  accumulation  of  oxide  on  the  thermocouple,  as  well  as  in  the  nozzle 
passage,  the  .atter  resulting  in  changing  conditions  in  the  flame  during  the  time  measurements  are 
being  made.  These  effects  of  oxide  deposition  on  the  recorded  temperatures  have  been  assessed  by 
control  experiments  conducted  under  identical  conditions  (total  pressure:  0.9  torr,  Oxygen  concen¬ 
tration:  10  percent  mole  fraction,  carrier  gas  conce.ntrat’on  8  percent  mole  fraction,  and  vaporizer 
tube  temperature:  610  +  5  C).  The  results  have  led  the  authors  to  conclude  that  the  time  during 
which  temperatures  can  be  recorded  is  limited  to  the  first  90  seconds  of  each  experiment.  During 
this  period  the  temperature  at  any  position  does  not  vary  by  more  than  +  5  percent  of  the  mean. 

A  typical  temperature-time  record  is  reproduced  in  Figure  4.  It  is  evident,  that  thermal  equil¬ 
ibrium  between  the  thermocouple  and  the  surroundings  in  which  it  is  immersed  is  attained  in  about 
15  seconds,  the  temperature  remaining  constant,  thereafter,  for  a  period  of  time.  During  the  exper¬ 
imental  time  of  90  seconds  it  is  possible  to  locate  the  probe  at  4  or  5  positions  in  a  flame  and  to 
record  the  corresponding  temperatures.  The  temperatures  reported  are  uncorrected  values.  Although 
it  has  been  established  experimentally  that  the  conduction  error  is  negligible,  it  is  difficult  to 
estimate  the  radiation  correcticn,  since  the  efficiency  of  the  oxide  particles  surrounding  the  thermo¬ 
couple  as  a  radiation  shield  cannot  be  determined.  Nevertheless,  an  upper  bound  can  be  obtained  for 
the  correction  by  considering  only  the  prove  and  using  a  suitable  value  of  the  emissivity  of  mag¬ 
nesium  oxide. 

The  distribution  of  temperature  in  a  vertical  plane  through  the  nozzle  axis  is  shown  in  Figure 
5.  The  actual  temperature  contours  shown  in  this  Figure  are  compatible  with  the  observed  shape  of 
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tne  flame.  It  jo  seen  that  the  apparent  circular  contours  of  tamper v ...re  agree  with  the  actual 
temperature  contours,  for  the  greater  part.  Differences  between  the  circular  and  actual  contours 
near  the  tip  of  the  flame  may  be  attributed  to  convective  effects.  The  temperature  distribution 
has  also  oeen  obtained  in  a  horizontal  plane  through  the  apparent  centre,  and,  in  this  plane,  the 
apparent  circular  contours  of  temperatur-  coincide  with  the  actual  contours.  The  measured  temper¬ 
ature  distributions  in  the  vertical  and  horizontal  planes  confirm  the  sphericity  of  the  flame  when 
the  carrier  gas  velocity  is  not  too  high.  ' 

The  radial  distribution  of  temperature  in  a  horizontal  plane  through  the  apparent  centre,  for 
different  oxygen  concentrations,  is  shown  in  Figure  6.  It  is  clear  that  there  is  a  substantial 
variation  of  temperature.  It  is  worth  noting  that  flame  teiiiporatureo  are  maximum  when  the  oxygen 
concentration  in  the  environment  is  5  percent.  At  higher  oxygen  concentrations  the  recorded  radial 
temperatures  are  lower,  and  it  is  also  evident  that  the  curves  sho«i  a  tendency  to  merge.  This  be¬ 
haviour  is  thought  to  indicate  that  flame  temperatures  would  reach  a  limiting  distribution  as  the 
oxygen  concentration  was  f  urther  i..-j  eased. 

The  radial  distribution  cf  temperature  of  a  mixture  of  magnesium  vapour  and  carrier  gas  (in 
the  absence  of  oxygen)  is  also  shown  in  rigi  i  6.  The  temperature  of  the  mixture  is  always  lower 
than  that  of  the  vaporizer  tube,  and  can  only  be  due  to  the  heat  loss  to  the  relatively  cold  carrier 
gas,  and  to  the  surroundings.  The  curves  in  that  Figure  have  points  of  inflection,  and  there  is 
reason  to  believe  that  about  90  percent  of  the  reaction  is  completed  at  a  radial  position  correspond¬ 
ing  to  the  inflectior.  point  of  each  curve. 

When  the  oxygen  concentration  is  less  than  5  percent,  black  deposits  of  magnesium  have  been 
found  on  tho  inner  surfaces  of  the  combustion  chamber.  The  presence  of  these  deposits  is  evidence 
that  the  vapour  generated  has  not  been  totally  consumed.  Although  the  consumption  of  oxygen,  in 
terms  of  partial  pressure^sless  than  1  percent  of  the  total  pressure,  the  minimum  value  of  the  con¬ 
centration  of  oxygen  in  the  environment  for  which  magnesium  deposition  does  not  occur  is  about  5 
percent.  It  is  for  this  reason  that  the  value  of  5  percent  mole  fraction  of  oxygen  in  the  environ¬ 
ment  is  regarded  as  being  'critical'  in  the  present  investigation. 

FLAME  EMISSION  Thu  relative  percent  transmission  values  of  flames  produced  with  different  con¬ 
centrations  of  oxygen  in  the  environment  ere  shown  in  Figure  7.  It  in  seen  that  the  flame  brightness 
increases  (relative  transmission  decreases)  ab  the  concentration  of  oxygen  is  increased.  Oi  tho  other 
hand,  as  stated  in  an  earlier  paragraph,  the  flame  temperature  decreases  as  tho  concentration  of  oxy¬ 
gen  is  increased  beyond  the  critical  value  of  5  percent  mole  fraction.  Inspite  of  their  lower  temper¬ 
atures,  high  oxygen  flames  are  brighter,  and  their  greater  brightneee  may  be  attributed  to  the  increased 
population  density  of  the  radiating  species,  if  the  excitation  is  thermal. 

Flame  emissions  may  be  due  also  to  chemical  excitation.  Although  the  present  experiments  do  riot 
establish  the  nature  of  the  excitation,  nevertheless,  the  temperature  distributions  (Figure  6),  and 
the  patterns  of  deposits  obtained  on  glass  slides  (Figure  8),  suggest  that  the  principal  mode  of  ex¬ 
citation  is  thermal.  Attention  was  drawn  in  Figure  6  to  the  existence  of  temperature  inflections, 
and  it  may  be  seen  that  these  inflection  points  move  towards  the  axis  as  the  oxygen  concentration  is 
increased.  As  the  greatest  part  of  the  reaction  is  believed  to  occur  in  the  region  between  the 
point  of  inflection  and  the  flame  centre,  and  since  this  region  shrinks  as  the  oxygen  concentration 
is  increased,  the  population  density  of  the  radiating  species  in  the  central  region  increases^— Tht~8-  ■?„ 

suggests  that  the  excitation  may  be  thermal. 

DEPOSIT  PATTERNS  Figure  8  shows  the  patterns  formed  by  deposits  on  glass  slides  pieced  horizon¬ 
tally  at  the  apparent  centra  of  flames  produced  with  different  oxygen  concentrations.  In  these,  the 
central  black  region  is  surrounded  by  a  dense  whito  ring  of  magnesium  oxide.  The  material  of  the 
central  region  is  predominantly  magnesium.  The  formation  of  the  oxide  ring  may  be  explained  in  the 
following  manner.  Oxide  particles  that  are  formed  as  a  result  of  reaction  in  che  central  region  are 
carried  radially  outwards  under  the  influence  of  the  expanding  jet  of  vapour  and  carrier  gas  and  tend 
to  accumulate  in  that  region  where  the  effects  of  jet  momentum  exchange  are  small.  Markstein  (2) 
obtained  a  shell-like  crust  of  oxide  on  a  glass  slide  placed  vertically  in  a  Mg-Oj-Ar  flame;  the 
dense  white  ring  in  Figure  8  is  a  horizontal  cross  section  of  such  a  shell. 

The  shrinkage  of  the  white  ring  that  has  been  observed  as  the  oxygen  concentration  is  increased 
may  be  due  to  the  greater  availability  of  oxygen  in  the  central  region,  in  other  words,  the  rate  at 
which  oxygen  is  depleted  in  that  region  may  be  decreased.  The  extent  of  the  annular  region  in  which 
the  oxide  particles  tend  to  accumulate,  or  pile-up,  depends  on  the  number  density  of  particles,  in 
the  central  region,  since  the  particles  are  very  likely  to  be  of  approximately  the  same  size. 

AN  INTERPRETATION  OF  THE  REACTION  DATA 


The  appearance  of  magnesium  vapour-oxygen  flames,  and  the  important  factor  of  the  low  absolute  pres¬ 
sures,  led  the  authors  to  the  view  that  the  requirements  of  Polanyi's  dilute  diffusion  flame  model 
(8)  were  being  substantially  fulfilled,  although  at  the  time  no  attempt  had  been  made  to  examine 
the  temperature  distribution.  It  is,  perhaps,  pertinent  at  this  stage  to  briefly  recapitulate  the 
assumptions  underlying  the  mathematical  model  of  the  dilute  diffusion  flame,  since  those  are  central 
to  tho  discussion  that  follows  later  regarding  the  validity  of  the  temperature  pattern  method. 

In  the  mathematical  model,  it  is  assumed  that  the  nozzle  reactant  diffuses  radially  from  a  point 
source  into  the  environment  containing  an  excess  of  the  atmospheric  reactant.  The  concentration  of 
atmospheric  reactant,  C,,  is  assumed  to  remain  constant  everywhere  in  the  reaction  zone,  while  the 
nozzle  reactant  is  assumed  to  react  at  a  rate  which  is  determined  by  the  local  reactant  concentra¬ 
tions.  One  of  the  most  important  assumptions  which  simplifies  the  mass  conservation  equation  and 
leads  to  a  simple  analytical  expression  for  the  distribution  of  the  nozzle  reactant  concentration, 

C.gi  is  that  the  temperature  in  the  system  must  be  constant.  The  other  assumption  of  importance  is 
that  the  vol  ocity  of  tho  gas  leaving  tho  nozzle  must  be  small. 

Experiments  in  which  this  model  was  used  (9),  (10)  were  designed  to  meet  the  requirement  of  a 
near-isothermal  oondi t iorr  but  the  requirement  of  a  negligibly  small  jet  velocity,  apparently,  could 
not.  bo  met.  However,  the  importance  of  the  ratio  of  the  linear  velocity,  V,  in  the  nozzle  to  the 
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diffusion  coefficient,  D,  of  the  mixture  of  nozzle  reactant  and  diluent,  rather  than  the  velocity 
u’r' *aS  qU1,Tkly  r®cognised,  and  limiting  values  of  this  ratio  were  determined  experimentally 
UU  and  from  a  simple  mathematical  analysis  (9)  within  which  the  model  conditions  would  not  be 
invalidated. 

In  the  present  experiments  the  ratio  V/D  was  within  the  prescribed  limits,  and  on  the  tacit 
assumption  that  the  temperature  was  nearly  constant,  systematic  experimental  data  were  obtained  and 
analysed  by  the  method  of  photographic  photometry.  The  results  of  this  analysis  are  presented  in  a 
later  section.  Details  of  the  photometric  method,  which  has  been  developed  from  the  dilute  diffusion 
flame  model,  may  be  found  in  reference  (9)  but  a  very  brief  description  is  given  here  for  continuity. 

In  this  method,  the  emission  density  at  a  point  in  the  flame  is  assumed  to  be  proportional  to 
the  nozzle  reactant  concentration  at  that  point.  The  integrated  value  of  the  emission  along  a 
sighting  path  containing  this  point,  and  normal  to  the  sensitive  film,  gives  the  emission  intensity. 
When  the  photographic  reciprocity  law  (12)  is  satisfied  the  film  exposure,  or  the  product  of  the 
emission  intensity  and  time,  is  proportional  to  the  film  blackening.  It  is  the  film  blackening  and 
the  time  of  exposure  that  are  the  measurablo  quantities  in  an  experiment.  The  theoretical  relation¬ 
ship  between  the  relative  film  blackening  measured  by  means  of  a  microphotometer,  and  the  reaction 
rate  parameter,  0),  permits  the  latter  value  to  be  obtained  from  the  experimental  data.  Values  of 
the  reaction  rate  parameter  for  flames  with  different  oxygen  concentrations  have  been  obtained  in 
this  manner. 

Once  the  temperature  distributions  in  these  low  pressure  magnesium  vapour  flames  had  been  ascer¬ 
tained,  it  was  obvious  that  the  isothermal  condition  of  the  dilute  diffusion  flame  mcdel  had  not  been 
fulfilled.  Notwithstanding  the  existence  of  large  temperature  variations  in  these  flames,  it  was 
decided  to  proceed  with  an  analysis  of  the  temperature  distribution  data  using  the  temperature  pattern 
method  developed  by  Garvin  et  al  (13)  and  by  Garvin  and  Kistiakowsky  (lO).  In  the  temperature  pattern 
method,  the  isothermal  requirement  of  the  model  is  relaxed  to  the  extent  that  the  variation  of  temper¬ 
ature  must  be  sufficiently  small  so  that  temperature-dependent  properties  such  as,  activation  energy, 
diffusion  coefficient  and  thermal  conductivity,  could  be  regarded  as  being  sensibly  constant. 

As  in  tne  photometric  method,  the  temperature  pattern  method  hinges  on  the  expression  for  the 
nozzle  reactant  concentration,  namely,  =  const  exp  (*<Ar)  obtained  from  the  dilute  diffusion 
flame  model,  from  energy  considerations  an  integral  relationship  may  then  be  found  between  the 
temperature  T(r)  at  any  radius,  the  reaction  rate  parameter,  to.  By  referring  to  a  known  temperature, 
T1,  at  a  fixed  radius  r  in  the  flame  an  equation  is  obtained  in  the  form: 

AT  =  T(r)  -  TV)  =  A  [*•  (l-e'W)  -  j;  (l-e-^]  Eq.  1 

where  A  is  a  constant. 

Multiplying  both  sides  of  this  equation  by  r,  there  follows, 

r  •  AT  =  A(l-cr)  -  A  exp(-tor)  Eq.  2 

whore  a  =  =  constant. 

It  is  evident  from  the  form  of  this  equation  that  r  •  AT  may  be  presented  graphically  as  the  super¬ 
imposition  of  a  straight  line  and  an  exponential  curve.  It  is  on  this  basis  that  a  graphical  method 
of  determining  to  from  experimental  data  for  r  •  AT  has  been  derived.  The  reaction  rate  parameter,  w, 
is  a  shape  parameter  which  is  very  sensitive  to -the  temperature  distribution. 

The  temperature  data  obtained  in  the  present  investigation  have  been  used  to  construct  curves 
showing  the  variation  of  r  •  AT  with  radius,  r,  and  are  strikingly  similar  to  the  curve  published 
by  Garvin  et  al  (13).  Because  of  this  similarity  it  was  decided  to  determine  values  of  the  reaction 
rate  parameter  for  flames  with  different  oxygen  concentrations  in  the  manner  outlined  in  reference 
(13).  These  values  of  the  reaction  rate  parameter  were  then  substituted  in  the  theoretical  expression 
for  the  variation  of  r  •  AT  with  r,  Eq.  (2),  and  from  these  calculations  the  corresponding  theore¬ 
tical  radial  temperature  distributions  were  obtained. 

The  theoretical  variation  of  r  •  AT  with  flame  radius  for  three  different  oxygen  concentrations 
are  shown  in  Figure  9,  on  which  the  experimental  data  are  superimposed.  In  Figure  10  the  theoretical 
radial  distributions  of  temperature  are  shown  for  the  three  flame  conditions,  and  the  experimental 
data  have  also  been  plotted.  It  is  clear  from  these  Figures  that,  for  the  most  part,  the  experi¬ 
mental  points  lie  on  the  corresponding  theoretical  curves,  except  in  the  region  (at  a  radius  approx¬ 
imately  equal  to  one  nozzle  diameter)  close  to  the  nozzle  axis.  This  deviation  is  a  consequence  of 
the  assumption  of  a  point  source  of  diffusion. 

It  is  remarkable,  in  spite  of  the  marked  sensitivity  of  the  reaction  parameter  to  the  tempera¬ 
ture  distribution,  that  the  experimental  data  agree  so  well  with  the  theoretical  curves.  This  is 
all  the  more  surprising  in  view  of  the  assumed  constancy  of  the  parameter  to,  which,  even  from  a  cur¬ 
sory  examination,  is  so  strongly  dependent  on  temperature.  The  agreement  may  be  fortuitous,  of 
course,  but,  then,  it  i6  improbable  that  the  observed  consistency  would  have  been  achieved.  The  one 
other  possible  explanation  for  the  anomalous  congruency  of  theory  and  experiment  is  that  the  group 
k/D  which  is  contained  in  the  reaction  parameter,  CD,  is  constant  in  which  case  the  activation  energy 
must  be  small  so  that  the  effect  of  the  large  variation  in  temperature  would  also  be  small,  and  of 
the  same  order  as  the  variation  of  the  diffusion  coefficient  with  temperalure. 

The  situation  revealed  by  the  foregoing  treatment  is  certainly  an  intriguing  one,  and  a  first 
approach  to  an  answer  is,  perhaps^  to  be  found  in  a  more  rigorous  analysis  of  the  fundamental  equations 
for  a  point  source  of  diffusion  with  reaction,  by  numerical  methods.  From  such  a  solution  it  would 
be  possible  to  gain  an  insight  into  the  role  of  the  temperature  in  the  radial  variation  of  nozzle 
reactant  concentration,  and  in  the  conservation  of  energy. 

What  is  clear,  however,  is  that  low  pressure  Mg-CU-Ar  flames  appear  to  fit  into  Polanyi‘s  model 
of  the  dilute  diffusion  flame.  If  this  fact  has  any  physical  significance,  then,  one  may  propose 
that  these  magnesium  vapour  flames  are  also  homogeneous.  This  proposition  stems  from  the  belief  that 
the  temperatures  recorded  in  the  relevant  part  of  the  investigation  ore  those  of  the  mixture  of  vapour 
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condensed  phases  which  exist  in  a  state  of  thermodynamic  equilibrium. 

This  conch-; —  —  ; - 1  ...  • 

fe 
ti 

ac -  ---  jy  yA;,  never  meioss  xne  oroer  or  magnitude  of  k  may  ce  oDtainefl  i;  an 

average  temperature  can  be  assigned.  For  example,  it  can  be  shown  that  bit' k  of  the  reaction  occurs 
in  the  region  between  the  axis  of  the  flame  and  the  position  where  r  •  AT  ,«s  a  maximum  value, 
f  iru-e  3.  Ihs  position  where  r  •  AT  has  a  maximum  value  almost  coincides  the  position  of  the  in- 
t  lee. io.,  Figure  f  ,  Thus,  a  suitable  temperature  may  be  the  arithmetic  mean  of  the  temper¬ 

ature  ax  ,vv,  ai. J  that  at  the  position  of  the  point  of  inflection. 

Rf SULTS  OF  THE  REACTION  RATE  STUDIES  The  reaction  rate  parameters  obtained  from  the  method  of 
photographic  photometry  and  from  the  temperature  pattern  method  for  different  concentrations  of  oxy¬ 
gon  in  the  environment  are  shown  in  Table  1  below. 


Table  1.  Experimental  Results 

Total  pressure:  0.9  mm  Hg,  Total  flow:  d.964  x  10  litres/sec.  at  standard  conditions 

Vaporizer  tube  temperature:  610°  +  5°C 


Oxygen  Cone, 
percent  molo 
f  raction 

Reaction  Rate  parameter,  go, 

-1 

cm 

Photographic 
pho tometry 
method 

Temperature 

pattern 

method 

5.4 

7.38 

2.72 

9.c 

3.77 

3.13 

14.5 

4.08 

3.15 

19.0 

3.12 

3.27 

It  is  evident  that  agreement  between  the  values  of  go  obtained  by  the  two  methods  are  in  reason¬ 
able  agreement.  In  any  case,  the  latter  concentration  is  near  the  critical  value  and,  from  the  gen¬ 
eral  observations  made  under  these  conditions,  the  value  of  the  parameter  to  is  likely  to  be  unreliable. 
Flames  produced  with  sub-oritical  oxygen  concentrations  may  be  regarded  in  a  similar  light  to  the 
under-ventilated  gaseous  flames  of  Burke  and  Schumann  ( 14) .  However,  the  dilute  diffusion  flame 
model  can  only  be  applied  to  over-ventilated  flames  corresponding  to  higher  oxygen  concentrations 
for  which  values  of  the  reaction  rate  parameter  are  substantially  constant. 

CONCLUDING  REMARKS 

An  attempt  has  been  made  to  systematically  study  the  gross  structural  features  of  Mg-O^-Ar  flames  at 
low  pressures  (0.5  -  1.0  torr).  The  effects  of  pressure  and  of  the  relative  concentrations  of  oxy¬ 
gen  and  argon  on  the  appearance  of  these  flames,  and  on  the  intensity  of  the  emitted  radiations,  were 
examined  by  photographs  taken  under  controlled  conditions.  Because  of  their  spherical  shape,  and 
the  low  pressured  employed,  the  method  of  photographic  photometry  was  used  to  determine  the  reaction 
rate  parameter,  (jo,  for  nominal  oxygen  concentrations  of  5,  10,  15  and  20  percent  mole  fraction  and 
at  a  constant  pressure. 

A  grounded  junction  thermocouple  probe  was  used  to  explore  the  temperatures  in  the  flame.  The 
consistent  pattern  of  the  recorded  response  of  the  thermocouple  was  interpreted,  in  the  light  of  the 
known  complexity  of  the  Mg-Oj-Ar  system,  as  being  compatible  with  a  state  of  thermodynamic  equili¬ 
brium.  In  conjunction  with  other  evidence,  it  was  concluded  that  the  temperature  recorded  was  approx¬ 
imately  that  of  the  gas  phase.  Accurate  corrections  for  the  radiative  loss  could  not  be  made,  but 
the  maximum  co:  raction  was  predicted  to  be  about  40°C.  The  precision  error  of  the  measurements  was 
estimated  to  be  +  5  percent. 

Notwithstanding  the  large  variation  of  temperature  in  these  flames,  the  temperature  pattern 
method  was  used  to  determine  the  reaction  rate  parameter,  and  was  found  to  be  in  good  agreement 
with  that  obtained  by  photometry.  The  most  striking  feature  of  the  analysis  was  that  nearly  exact 
coincidence  between  the  calculated  and  experimental  temperature  distributions  were  obtained  in  the 
three  cases  examined.  Since  it  had  been  ascertained  that  the  reaction  rate  parameter  used  in  the 
calculations  was  extremely  sensitive  to  the  temperature  distribution,  the  oongruency  was  believed 
to  be  physically  signi f icant.  In  view  of  the  interpretation  of  the  temperature  as  that  of  the  gas 
phase,  it  was  tentatively  concluded  that  the  reaction  could  be  predominantly  homogeneous- 
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Figure  1. 


Sectional  View  of  Combustion  Chamber 
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Figure  2-  Typical  Magnesium  Vapour-Oxygen 
Diffusion  Flame 


Figure  3-  Thermocouple  Probe  and 
Vaporizer  Tube 


Figure  4. 


Typical  Temperature  —  Tim e  Record 
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Figure  5.  Vertical  Temperature  Distribution, 
Through  Nozzle  Axis 
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Figure  10-  Comparison  of  Theoretical  and 

Figure  9-  Comparison  of  Theoretical  and  Experimental  Radial  Temperature 

Experimental  Radial  Distribution  of  r-AT  Distribution 


SURVEY  PAPER  ON  EROSION  PRODUCED  BY  HIGH-SPEED 
TWO-PHASE  FLOW  IN  SOLID  PROPELLANT  ROCKET  MOTORS 


l.v 


Richard  J.Zcamcr 


Hercules  Incorpoiated 
Magna,  rtah,  I'SA 


SUMMARY 


EROSION  PRODUCED  BY  TWO-PHASE  FLOW  can  be  a  serious  problem  in  solid  propellant  rockets. 

The  nongaseous  phase  originates  from  the  powdered  metals  that  are  commonly  added  to  solid 
propellants  to  increase  their  energy  and  density.  As  much  as  40  percent  of  the  exhaust 
flow  can  be  in  the  form  of  liquid  or  solid  particles. 

The  combustion  of  metal  in  a  solid  propellant  and  the  associated  particle  changes 
involve  formation  of  metal  agglomerates  on  the  burning  surface,  ejection,  ignition  and 
then  combustion  in  the  gas  stream  producing  tiny  oxide  smoke  particles.  These  oxide 
droplets  grow  rapidly  from  diameters  as  small  as  0.01  micron  to  around  0.2  micron  because 
of  collisions  caused  by  Brownian  motion.  Continued  growth  is  due  to  turbulence  and 
acoustic  agitation.  Large  gas  velocity  gradients  in  the  nozzle  region  cause  more  frequent 
collisions  and  very  rapid  growth  in  particle  size  with  average  oxide  particle  diameters 
increasing  five  to  ten  times  from  nozzle  entry  to  exit. 

The  boundary  layer  effectively  protects  the  wall  from  impingement  by  average  sized 
particles  in  flow  passages  having  good  aerodynamic  design.  However,  poor  combustion  may 
produce  particles  so  large  that  they  will  impinge  even  under  the  best  flow  conditions. 

In  a  solid  propellant  rocket  motor  the  particles  arriving  at  wall  surfaces  generally 
have  releasable  heat  and  chemical  energy  in  addition  to  kinetic  energy.  Usually  a  large 
portion  of  this  energy  is  transferred  to  the  wall.  Erosion  by  mechanical  impact  is 
negligible  except  in  the  nozzle  exit  cone  and  jet.  Heating,  together  with  high-temperature 
chemical  reactions,  is  the  principal  cause  of  erosion  in  the  nozzle  entry  and  throat  for 
all  the  commonly  used  materials  including  reinforced  plastics,  graphites  and  tungsten. 

Impingement  heating  is  highly  localized  and  erratic.  In  tungsten  and  other  refractories 
it  may  cause  cracking  due  to  abnormal  thermal  stresses  or  it  may  cause  melting.  In 
graphites  and  plastics  it  causes  uneven  erosion  and  gouging.  In  elastomeric  insulation 
on  chamber  walls  it  causes  deep  charring  in  small  areas. 

Solid  propellant  motors  that  are  free  of  two-phase  flow  erosion  problems  generally 
have  efficient  metal  combustion  and  good  interior  aerodynamic  design. 
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SURVEY  PAPER  ON  EROSION  PkODUCEO  BY  HIGH-SPEED 
TIO-PHASE  FLO*  IN  SOLID  PROPELLANT  ROCKET  MOTORS 

Richard  J.Zeamer 


OUR  PURPOSE  IS  TO  REVIEW  two-phase  flow  in  solid  propellant  rocket  motors,  erosion  and  dtp  Jition  produced  by 
it,  methods  available  for  its  analysis,  and  techniques  for  avoiding  erosion  problems. 

TWO-PHASE  FLOW  as  it  occurs  in  solid  propellant  rocket  motors  is  described  in  sufficient  detail  to  provide  the 
necessary  background  for  our  review  of  erosion.  Understanding  of  the  unique  anil  transiently  changing  character 
of  this  gas-particle  mixture  that  travels  through  the  motor  is  essential  to  any  meaningful  analysis  of  the 
erosion  problem. 

INTERACTION  of  a  two-phase  flow  with  a  wall  is  reviewed  using  available  data  and  theory.  The  boundary  layer  is 
considered  as  a  barrier  that  prevents  incoming  particles  from  reaching  the  wall  or  reduces  their  arrival  velocity 
and  releasible  energy. 

PARTICLE  TRANSPORT  to  the  surface  is  treated  as  high  velocity  impingement  and  low  velocity  diffusion  through  the 
boundary  layer. 

THE  RESULTING  IMPACT,  heating,  chemical  and  melting  effects  are  considered  in  regard  to  their  contributions  to 
erosion  and  deposition.  Deposition  of  matter  on  the  surface  is  included  because  it  may  either  protect  the 
surface  or  it  may  change  flow  and  heat  transfer  so  as  to  increase  erosion. 


THE  EROSION  PROCESS 

Two-phase  flow  in  solid  propellant  raoturs  is  not  generally  destructive.  The  bound  ayer  covers  all  exposed 
surfaces  providing  protection  that  is  usually  adequate.  Potentially  harmful  particlf  either  diverted  or 

stripped  of  the.n  excess  energy. 

SPECIAL  CONDITIONS  are  necessary  to  allow  two-phase  flow  to  cause  erosion.  The  basic  requirement  is  that 
particles  with  sufficient  energy  to  cause  damage  must  be  delivered  to  the  surface.  To  study  this  problem  we 
must  first  investigate  the  region  from  which  the  particles  came,  the  two-phase  flow  of  the  motor. 


TWO-PHASE  FLOW  IN  SOLID  PROPELLANT  ROCKETS 

IN  A  SOLID  PROPELLANT  ROCKET  two-phase  flow  is  a  condition  that  is  continually  changing.  From  point  to  point 
along  the  path  of  the  flow  the  mean  size  and  size  distribution  of  the  particles  are  varying.  Also  as  the  flow 
moves  away  from  the  propellant  surface  the  proportion  of  aluminum  (or  other  metal)  decreases  and  the  proportion 
of  oxide  increases,  typical  two-phase  flow  inside  a  rocket  motor  is  summarized  in  Figure  1.  Toe  various  stages 
of  the  flow  are  reviewed  in  the  following. 

THE  PARTICULATE  MATERIAL  ORIGINATES  at  the  propellant  burning  surface.  For  normal  propellants  of  average 
efficiency  the  small  (30  microns  typical  diameter)  particles  of  aluminum  fuel  are  exposed  on  the  burning  surface 
and  are  quickly  melted  by  the  heat.  As  more  aluminum  particles  emerge  on  the  surface  and  melt,  neighboring 
particles  touch  and  merge  (1,2).  typically  these  grow  to  sizes  of  around  150  microns  in  about  eight  milliseconds. 

However,  solid  propellants  differ  widely  in  their  manner  of  burning.  At  one  extreme,  for  inefficiently 
burning  propellants,  the  burning  surface  can  be  almost  covered  with  a  "filigi  e”  of  partially  molten  aluminum 
and  oxide.  Gas  flow  from  the  propellant  lifts  and  breaks  off  irregular  solid  portions  which  are  further 
heated,  ignite  at  localized  points  and  eventually  melt  into  large  spheres  (3).  Metal  fuel  agglomerates  as  large 
as  1,000  microns  have  been  observed  entering  the  gas  stream. 

t 

At  the  other  extreme,  fo,  propellants  having  high  burning  rates  and  high  combustion  efficiencies,  the  aluminum 
purticles,  for  the  most  part,  seem  to  move  into  the  gas  stream  almost  without  agglomeration,  retaining  their 
original  small  size. 

These  burning  phenomena  are  observed  In  micro-window  bomb  tests.  In  these  tests  small  strands  of  propellant 
are  burned  in  a  high  pressure  atmosphere  and  observed  through  a  heavy  optical-glass  window  and  lenses  by  a  movie 
camera  (1,2, 3, 4). 


IGNITION  AND  COMBUSTION  behavior  of  aluainua  and  the  other  Metals  Most  riaantilx  us-d  in  solid  propellants 
are  sloilar.  Ignition  generally  iw-curs  alien  the  Meta!  is  locally  heatisl  to  its  wit  inn  point  therefore. 

Metals  with  higher  Melting  points  require  More  heating  before  they  ignite  <3i. 

Conbustion  generally  occurs  in  the  vapor  abase  as  shown  in  Figure  2.  Metal  vapor  is  assuaed  to  difluse 
away  from  an  evapirating  aetal  drop'el.  It  inpoars  certain  that  inside  typical  rocket  motors  »ith  propellant 
containing  aluninun.  the  droplets  are  thoroughly  aolten  because  the  gas  temperatures  (ahich  range  frto  about 
2<400K  to  4000K)  arc  above  the  nelting  points  of  aluainua  (933K)  and  aluminua  onde  (2320K).  Oxidizing  species 
diffuse  in  toward  the  droplet.  The  reaction  takes  place  in  u  very  hot  luminous  combustion  zone  surrounding 
the  droplet.  Combustion  is  in  the  vapor  phase  controlled  by  diffusion  of  the  oxidant  (5).  The  combustion 
rate  has  an  inverse  relation  to  the  melting  points  of  the  metal  and  it"-  oxide.  Thus  in  similar  environments 
beryl ’ turn  ignites  and  burns  only  about  half  as  fast  as  aluminum  (7).  Th'-  resulting  combustion  lag  for  slower 
bori'iiu  metals  can  have  serious  e.osion  consequences  if  agglomeration  has  formed  large  particles  of  metal  fuel. 

The  time  required  to  bum  up  a  metal  particle  increases  about  with  the  square  of  its  diameter  as  shown  in 
Figure  3.  Lower  oxygen  concentration  and  lower  pressure  also  increase  the  burning  time  but  not  r.s  drastically 
(8).  Calculated  combustion  times  for  the  largest  agglomerates  are  found  to  exceed  residence  time  for  small 
rocket  motors  (•>).  As  one  would  expect,  in  such  eases  there  are  erosion  and  deposition  problems  as  well  as 
substantial  losses  of  specific  impulse  efficiency. 

OXIDE  PARTICLES  IN  THE  CHAMBER  first  appear  as  tiny  droplets  in  the  smoke  cloud  produced  by  a  burning  particle 
of  metal.  These  droplets  are  formed  by  condensation  of  oxide  vapor  ir.  or  just  beyond  the  reaction  zone,  see 
Figure  2.  They  are  very  small,  having  dimeters  from  0.01  micron  to  0.5  micron  (9).  However,  under  poor 
combustion  conditions  these  can  range  in  size  up  to  5  microns.  Where  appreciable  amounts  of  oxide  form  on  the 
surface  of  the  burning  metal  oxide  droplets  as  large  i.i  50  microns  can  be  lormed  (3). 

The  tiny  particles  first  grow  very  rapidly  by  collision  due  to  Brownian  motion  (10).  However,  the  efficiency 
of  coagulation  by  Brownian  motion  decreases  with  increase  in  size  and  becomes  negligible  for  larticles  above 
0.2  microns.  Another  mechanism,  that  of  acoustic  coagulation,  further  increases  the  size  ar.ri  reduces  the  number 
of  oxide  droplets  (11,12).  Brown  has  calculated  that  0.5  percent  or  more  of  the  thrust  energy  from  a  rocket 
motor  is  converted  into  sound,  the  power  densities  are  in  the  range  found  necessary  to  coagulate  aerosols.  The 
rate  of  acoustic  coagulation  depends  upon  droplet  concentration  (hence,  on  the  gas  pressure  and  percent  metal), 
the  acoustic  power  and  the  residence  time  in  the  motor  ((0). 

Turbulent  agglomeration  r-suiting  from  collisions  due  to  eddy  diffusion  and  particle  lag  in  turbulent  fluctua¬ 
tions  also  contributes  to  ) article  growth  in  the  chamber  (12). 

The  result  is  that  the  oxide  particles  grow  with  time  during  their  residence  in  the  chamber  to  a  mean  diameter 
ranging  from  1  micron  based  on  direct  sampling  of  chamber  gas  (13)  to  2  microns  based  on  calculation  from  theory 
(12), 

OXIDE  PARTICLES  IN  THE  NOZZLE  grow  rapidly,  increasing  uiameter  five  time  or  more,  mainly  because  the  accele  a- 
tion  of  the  gas  greatly  increases  particle  collisions  (14).  The  acoustic  effect  also  increases  but  is  of  second 
order,  (about  five  percent),  importance  (12).  The  velocity  gradients  in  the  flow  result  in  different  velocity 
lags  for  larger  and  smaller  particles  and,  therefore,  the  smaller  particles  tend  to  catch  up  with  the  larger 
particles  and  coalesce  with  them  (14).  Particle  growth  continues  into  the  exit  cone  to  expansion  ratios  of  3 
to  5  beyond  which  the  particles  become  solid  and  little  furthei  growth  takes  place,  except  possibly  close  to  the 
wall.  But  by  this  time  they  have  grown  to  sizes  approaching  the  limit  imposed  by  maximum  stable  drop  size  theory 
(15)  which  is  about  18  microns  for  the  argest  rocket  motor  and  grades  downward  with  rotor  size,  see  Figure  a. 

Jenkins  and  Hoglund  (12)  have  recently  presented  a  unified  theory  of  particle  growth  which  combines  the  above 
effects  in  a  kinetic  coagulation  model.  Their  calculated  results  for  tne  Titan  III -C  Motor  are  shown  in  Figure 
5.  The  particle  diameters  in  the  chamber  appear  large  in  comparison  with  the  particle  size  summary  in  Figure  1; 
however,  this  would  seem  reasonable  for  such  a  large  motor  in  which  the  residence  times  are  long. 

AMOUNT  OF  METAL  in  the  propellant  appears  to  have  only  a  small  effect  on  oxide  particle  size.  Cheung  and 
Cohen,  in  a  typi-  al  test,  found  that  an  increase  in  aluminum  from  3  to  17  percent  resulted  in  an  increase  of 
exhaust  particle  size  from  3,1  to  4.5  microns  (16).  Sehgal  found  no  effect  with  a  change  in  aluminum  from  12 
to  16  percent. 

LARGE  PARTICLES  are  of  most  concern  in  erosion  analysis  because  of  their  potential  for  impinging  and  causing 
damage.  Motor  size  is  an  important  factor. 

Small  motors  loaded  with  good  ordinary  propellants  ran  have  erosion  problems  due  to  relatively  large  (up  to 
a'out  150  micron)  burning  metal  fuel  particles  present  throughout  their  flow  because  of  the  short  residence 
times.  In  tne  throat  any  oversized  burning  fuel  droplets  still  remaining  in  the  flow  are  shuttered  by  shear 
due  to  the  high  velocity  gradients  and  thereby  reduced  to  or  below  their  maximum  stable  drop  size.  This  size 
is  about  5  microns  for  a  nozzle  with  a  2-inch  throat  diameter  (17).  The  same  effect  limits  growth  of  oxide 
particles  in  the  throat  and  exit  cone 

In  medium-sized  motors  with  good  combustion  efficiency  small  (1  to  2  micron)  particles  are  the  rule  except, 
near  the  propellant  surface  where  the  flow  is  dominated  by  large  particles  (150  micron  typical  size)  of  burning 
metal  fuel  and  in  the  exit  cone  where  oxide  particles  can  grow  *o  sizes  up  to  10  micron. 
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In  medium-sized  actors  having  poor  octal  conbustion  efficiency  large  burning  metal  particles  (up  to  1000 
miouns  in  size)  can  be  present  in  varying  aaounts  through  most  or  all  of  the  interior.  In  the  exit  cone  any 
oversized  burning  fuel  droplets  still  remaining  in  the  flow  are  shattered  and  reduced  to  or  below  their  maximum 
stable  drop  size. 

In  very  large  motors  the  long  residence  time  usually  allows  combustion  and  coagulation  processes  tc  approach 
completion.  Even  poorly  burning  metal  fuel  can  be  almost  completely  consumed  before  flow  reaches  the  nozzle. 
Growth  of  oxide  goes  farther  to  produce  particles  of  2  microns  or  possibly  larger  in  the  chamber.  Low  velocity 
gradients  in  the  large  nozzle  allow  particles  to  grow  to  sizes  approaching  18  microns  (17). 


THE  FLO*  FIELD 

Concentration  of  particles  in  rockets  is  low  enough  that  the  velocity  distribution  in  the  gas  stream  may  be 
calculated  by  methods  used  for  clean  gas  but  employing  the  simple  corrections  for  gas  properties  of  two-phase 
mixtures  as  presented  by  Marble  (18). 

Computer  programs  are  used  to  solve  the  equations  of  potential  incompressible  flow  (19,20)  or  potential 
compressible  flow  to  determine  the  irrotational  portion  of  the  rocket  interior  flow.  This  usually  involves 
almost  all  of  the  flow  including  the  very  important  nozzle  entrance  region.  Velocities  in  rotational  flow 
regions  are  calculated,  assuming  a  wheel-flow  pattern  and  integrating  the  momentum  equation  over  the  eddy  and 
its  boundaries. 

The  supersonic  exit  flow  is  calculated  by  a  method-of-characteristics  computer  program,  such  as  that  developed 
by  Lockheed  for  NASA  (21). 


PARTICLE  PATHS 

Particle  trajectories  in  the  flow  field  are  calculated  by  use  of  the  equation  of  motion  of  a  particle  in 
which  the  particle  inertia  is  equated  with  its  aerodynamic  drag.  Stokes  drag  is  a  widely  used  approximation 
because  it  is  simple  and  reasonably  valid  for  low  slip  velocities.  In  regions  of  high  slip,  Stokes  drag  is 
too  low  and  more  sophisticated  recent  correlations  should  be  used  (22,23,24). 

Burning  droplets  have  been  found  to  have  two  or  more  times  the  drag  of  inert  particles  (25). 

The  result  of  a  typical  rocket  motor  flow  field  and  particle  trajectory  calculation  is  shown  in  Figure  6. 
As  the  particles  shown  are  particles  of  burning  fuel,  the  ends  of  their  paths  indicates  the  points  at  which 
they  are  completely  consumed. 


BOUNDARV  LAVER 

All  internal  surfaces  of  a  rocket  motor  are  covered  by  a  boundary  layer  within  which  gas  velocities  and 
temperatures  grade  from  free  stream  to  wall  values.  As  this  boundary  layer  is  the  main  protection  of  the  wall 
from  particle  damage,  determination  of  its  thickness  and  character  is  an  important  part  of  an  erosion  study. 

The  rigorous  analysis  of  the  two-phase  boundary  layer  is  a  complex  and  formidable  problem.  Marble  has  laid 
the  groundwork  for  such  an  analysis  (IE)  and  Isaacson  has  investigated  the  feasibility  of  applying  it  to 
rocket  heat  transfer  problems  (26).  Soo  has  applied  the  momentum  integral  method  with  some  success  (27). 

Fortunately  for  our  purposes,  the  two-phase  flow  boundary  layer  can  be  analyzed  as  a  gas  boundary  layer. 

Farber  and  Morely  (28)  have  shown  that  there  is  little  heat  transfer  caused  by  the  solid  particles  until  the 
volume  percent  of  solids  reaches  about  0.05%.  Current  solid  rockets  have  volume  percent  particles  in  the  throat 
region  of  0,01  to  0.04%;  thus  little  effect  would  be  expected,  This  has  been  amply  confirmed  in  rocket  heat 
transfer  studies  (29,30,33)  and  throat  erosion  correlations  (31,32). 

That  the  velocity  profile  of  the  boundary  layer  is  not  changed  by  particles  at  loading  ratios  in  our  range  of 
interest  was  noted  as  early  as  1933  by  Niktiradse  and  subsequently  shown  b.v  Baw  and  Peskin  (35)  and  Soo  (27). 

For  rough  estimates  of  boundary  layer  thickness  the  classical  flat-plute  formulas  available  in  -:,e  text  books 
can  be  used,  but  more  nKOrous  methods  may  be  preferred  depending  on  the  importance  of  the  problem,  Figure  7 
shows  the  results  of  a  calculation  of  the  thickness  of  the  boundary  layer  on  an  aft  dome  and  nozzle.  The 
thickness  as  shown  illustrates  the  typical  variation  in  the  protection  that  the  boundary  layer  provides  to 
impingement. 

PARTICLE  IMPINGEMENT  occurs  when  particles  in  the  free  stream  are  moving  toward  a  wall  with  sufficient  momentum 
to  pierce  the  boundary  layer  alon.t  their  line  of  travel  and  strike  the  wall.  Using  calculated  flow  velocity 
and  boundary  layer  results,  dimensionleus  parameters  cun  be  employed  tu  predict,  the  tendency  for  particles  to 
impinge  from  a  two-phase  flow. 
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In  1946  Langmuir  (36)  proposed  an  "inertia  parameter"  in  connection  with  his  studies  of  water  droplet  impinge¬ 
ment  on  airfoils.  Larger  parameter  values  indicated  greater  tendency  to  impinge.  It  is  useful  mainly  in 
correlating  data  for  specific  experiments  and  geometries.  In  1964  Adelberg  (37)  demonstrated  the  use  of  this 
parameter  for  flow  in  ducts  using  the  data  of  Hacker  and  Brun  (38)  for  90°  elbows.  Tills  parameter  is  defined  as 
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-  particle  stopping  distance;  this  is  the  distance  that  the  moving  particle  would  be  carried 
by  its  momentum  if  it  suddenly  entered  still  gas.  Stokes  drag  is  assumed. 


a  characteristic  length,  such  as  the  wing  chord  length  or  the  duct  diameter. 


the  flow  velocity. 

density  of  the  particle  material 


gas  viscosity, 
particle  diameter 


In  1965  Soo  (2')  proposed  an  almost  identical  parameter  which  he  railed  a  "gas-solid  momentum  number”. 
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The  only  difference  between  the  two  parameters,  Nm  and  K  is  in  the  length  parameter  which  Soo  defined 
as  the  same  length  that  would  be  used  in  the  Reynolds  number  for  the  same  flow. 


The  author  has  found  useful  an  “impingement  number,"  defined  as  the  ratio  of  the  particle  stopping  distance 
to  the  boundary  layer  th*ckness  as  measured  along  the  expected  particle  path  length.  This  ratio  is  stated  as 
follows: 


Particle  stopping  distance  S  sin6J 

Boundary  layer  Thickness/sin#  8 


where 


S  =  the  particle  stopping  distance  as  defined  above  for  Langmuir’s  inertia  parameter. 

0  =  the  impingement  angle  measured  between  the  path  line  and  the  surface 
8  =  the  boundary  layer  thickness. 

Values  of  N,  that  are  greater  than  1.0  generally  indicate  impingement  while  values  less  than  1.0  indicate 
safety  from  impingement.  N,  has  been  calculated  for  a  number  of  typical  impingement  situations  ir.  a  solid 
propellant  rocket  motor.  These  ere  illustrated  in  Figure  8  and  the  impingement  numbers  and  their  interpretation 
are  presented  in  Table  I. 

PARTICLE  DIFFUSION  is  the  migration  of  particles  from  the  two-phase  flow  through  the  boundary  layer  to  the 
wall.  It  is  a  slow  and  gentie  process  compared  with  impingement. 

In  laminar  flow  there  is  essentially  no  particle  diffusion  to  the  wall.  However,  Marble  showed  that  in  a 
laminar  boundary  layer  there  is  a  tendency  for  particles  to  collect  near  a  wall.  Soo  also  found  this  result 
by  analysis  and  suggested  that  there  would  be  a  tendency  for  particles  to  impinge  at  a  distance  downstream  of 
the  leading  edge.  Friedlander  and  Johnstone  found  experimentally  with  alr-partlcle  flow  in  tubes  that  no  wall 
impingement  took  place  in  the  laminar  boundary  layer. 

In  turbulent  boundary  layers  teats  Friedlander  and  Johnstone  found  that  unltorm  and  well  defined  impingement 
takes  place  and  they  used  von  Xarman' a  approach  f  ir  the  rate  of  transport  of  momentum  and  mass  In  a  turbulent 
diffusion  and  Impingement.  Alternately  they  used  tubes  of  glass  and  brass  but  were  unable  to  detect  any  difference 
that  would  indicate  the  influence  of  electrostatic  fcrccs  (40).  Allen,  Bloemer  and  Chapman  subsequently  used 
the  method  to  interpret  boron  oxide  deposition  test  data  (41).  Orinberg  and  Ungar  lu  1C53  applied  the  method  to 
aolltl  propellant  rocket  nosalo  problems  with  apparent  success  (42). 

Although  turbulent  forces  appear  to  be  dominant  in  particle  diffusion  in  rocket  motors,  there  is  evidence 
that  electrostatic  forces  can  be  significantly  large  second-order  effects. 

Soo  found  that  charged  particles  would  impinge  through  a  laminar  or  turbulent  boundary  layer  on  to  a  conauctlvi 
wall  that  was  either  neutral  and  grounded  or  oppositely  charged.  Conductive  walls  with  the  same  sign  of  charge 
received  lesa-than-noraal  or  no  impingement  (27).  Hobbs  demonstrated  these  effects  in  rocket  motors.  He  further 
showed  that  the  sign  and  amount  of  charge  on  the  particles  varied  with  changes  in  the  propellant  formulallon(43). 
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The  possible  amount  of  electrostatic  diffusion  in  solid  propellant  rocket  motors  appears  limited  because 
wall  surfaces  are  not  highly  conductive  and  are  neither  neutral  and  grounded  nor  oppositely  charged. 

The  other  modes  of  particle  diffusion  through  the  boundary  layer  are,  in  order  of  their  probable  importance 
in  rocket  motors,  transport  by  inertia]  forces,  gravity  forces,  thermal  diffusion,  and  Brownian  motion. 

Inertial  and  gravity  forces  are  important  only  where  particle  mass  is  large  relative  to  gas  drag  such  as 
occurs  in  low  velocity  regions  of  the  chamber. 

Thermal  diffusion  would  tend  to  drive  particles  from  a  hot  free  stream  toward  a  cold  wall.  Sreitweiser 
reported  that  analysis  of  data  on  deposition  of  boron  oxide  particles  to  a  cold  wall  showed  that  thermal  diffusion 
of  the  particles  was  very  small  compared  with  turbulent  diffusion  (44).  Brownian  forces  would  be  negligible 
except  for  particles  less  than  0.2  micron  diameter. 

Erosion  du>  to  particle  diffusion  is  generally  less  and  more  evenly  distributed  than  that  due  to  impingement 
and  it  may  be  confused  with  erosion  due  to  gas  flow. 


SURFACE  EROSION  MECHANISMS 

The  particles  which  reach  the  surface  bring  with  them  more  or  less  energy.  In  simple  cases  this  includes 
only  kinetic  energy.  However,  in  solid  propellant  rockets  the  particles  also  bring  thermal  and  chemical  energy. 

The  surface  is  subjected  to  localized  impacts,  accompanied  By  heat  flux  and  when  the  surface  temperature 
gets  high  enough,  chemical  attack.  Usually  only  one  of  these  modes  is  dominant  at  a  particular  time.  The 
response  of  the  surface  depends  greatly  on  the  nature  of  the  material.  The  results  may  be  failure  by  mechanical 
abrasion,  thermal  shock,  chemical  corrosion  or  melting,  or,  on  the  other  hand,  deposition  may  protectively  coat 
the  material. 


IMPACT 

Impact  due  to  impingement  of  droplets  or  particles  is  not  an  important  mechanism  except  in  the  ..upersonic 
exhaust  jet. 

An  impinging  droplet  produces  a  compressive  force  immediately  beneath  its  center  of  impact.  The  impacting 
material  flows  outward  from  the  center  at  velocities  mucn  higher  than  before  impact.  The  resulting  surface 
shear  force  produces  tosile  forces  in  a  circular  belt  around  the  impact  zone  in  which  cracks  may  develop. 

Erosion  due  to  impact  usually  does  not  begin  immediately,  but  only  after  impact  has  been  in  progress  for  a 
period  of  time.  This  cumulative  damage  behavior  is  explained  by  the  theory  that  localized  cracks  or  fractures 
are  produced  one  at  a  time,  and  for  a  piece  of  the  surface  to  be  released,  there  must  have  accumulated  a  minimum 
of  three  intersecting  cracks  around  a  single  cell  of  surface  material  (45,46,47).  It  is  possible  that  the  time 
duration  of  a  typical  solid  propellant  rocket  firing  is  just  too  short  in  comparison  with  the  cumulative  damage 
delay  period 

The  small  importance  of  impact  in  the  motor  and  nozzle  entry  and  throat  is  attributed  by  Vidya  tc  the  rela¬ 
tively  low  kinetic  energy  of  the  droplet  in  comparison  with  its  thermal  energy  (48).  Cothran  and  Barnes 
discussed  the  possibility  of  mechanical  impact  damage  in  their  subsonic-elbow  blast-tube  tests  but  then  dropped 
the  mechanical  impact  term  in  their  analysis  (49). 

In  the  exhaust  jet  mechanical  impact  is  generally  the  important  cause  of  erosion.  In  travel  through  the  exit 
cone  the  particles  typicully  are  accelerated  to  about  three  times  their  throat  velocity.  Their  kinetic  energy 
increases  fith  the  square  of  their  velocity,  and,  accordingly  their  potential  for  eroding  surfaces  by  mechanical 
impact  goes  up  by  about  an  order  of  magnitude. 

Ungur  studied  the  effect  of  solid  aluminum  and  liquid  glass  particles  from  rocket  exhausts  impacting  on 
ablating  materials.  He  found  that  the  surfaces  of  the  reinforced  plastics  initially  were  mechanically  eroded 
but  then  a  melt  layer  accumulated  which  decelerated  the  impinging  particles  and  reduced  their  ability  to  damage 
the  underlying  structure.  Eventually  all  of  the  energy  of  the  impinging  particles  was  converted  to  heat  without 
significant  mechanical  damage  bf’ng  dune  and  heating  became  the  doainant  destructive  mechanism.  Other  conditions 
being  equal  there  did  not  seem  to  be  any  difference  whether  the  impinging  particles  wore  solid  aluminum  or  liquid 
glass.  Ungar  developed  correlations  from  which  erosion  rates  could  be  computed  (50). 

Kuby  and  Lewis  tested  erosion  due  to  gas-particle  exhaust  impingement  from  a  normal  rocket  and  from  a  hot 
helium  exhaust  let.  By  analysis  of  heat  transfer  into  the  targel  they  were  able  to  isolate  the  mechanical  Impact 
rontrlbui  ion  of  the  exhaust.  Also  they  compared  their  results  with  hypersonic  impact  data  for  Urge  single 
projectiles.  In  particular  with  the  correlation  of  Sorensen  (51).  They  found  that  their  surface  erosion  was 
always  much  less  than  would  be  predicted  by  single  particle  Impact  theory,  usually  several  orders  of  magnitude 
less.  This  was  caused  by  the  accumulation  of  a  thin  layer  of  spent  particles  and  particle  fragments  over  the 
surface  which  effectively  dissipated  most  of  the  kinetic  energy  of  the  Impacting  particles.  As  a  result, 
increases  In  the  particle  impingement  rate  were  accompanied  by  only  relative  slight  increms?s  in  surface  erosion. 
Surface  damage  was  Independent  of  angle  of  Incidence  probably  due  to  roughening  of  the  surface.  They  suggest 
that  surface  damage  Is  reduced  with  reduction  In  particle  slzr  for  a  constant  weight-rate  of  impingement  (52.53). 
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HEAT  TRANSFER 

PARTICLES  IN  GAS  PLOW  usually  Increase  heat  transfer  but  may  decrease  It.  In  either  case,  as  erosion  is 
strongly  dependent  on  surface  heating,  it  is  important  for  us  to  assess  the  ways  in  which  particles  change  heat 
transfer  to  the  wall. 

RADIATION  of  heat  from  particles  in  a  two-phase  flow  typically  contributes  the  major  part  of  the  heat  flux 
in  the  chamber  and  diminishing  fractions  as  the  flow  moves  out  of  the  motor.  Typical  fractions  for  a  solid 
propellant  motor  with  an  exit  flow  about  35%  A1203  are  as  follows: 

Region  Radiant  Flux/Total  Flux 

Chamber  . 90 

Entry  (e  -3)  .36 

*  Throat  . 13 

Exit  (£  -  14)  -015 

The  gas  produces  a  small  proportion,  probably  less  than  5%,  of  these  radiant  fluxes. 

Photons  of  radiant  energy  originate  from  the  particles.  These  particles  arc  at  all  times  hotter  than  the  gas  * 
or  the  walls  because  of  their  very  high  temperature  of  combustion.  The  photons  moving  at  the  speed  of  light 
diffuse  from  the  hottest  regions  of  the  flow.  Because  of  collisions  with  particles  their  paths  are  changed 
almost  randomly  by  scattering,  absorption  and  re-emission.  They  are  heavily  absorbed  by  the  relatively  cool 
walls  and  by  the  cooler  expanding  gas  mixture  in  the  nozzle  entry. 

Price  has  developed  a  widely  used  practical  method  for  calculating  the  radiant  her.t  flux  from  an  Al?o3 
particle  cloud  inside  a  rocket  motor.  Their  result  depends  on  the  particle-to-gas  weight  ratio,  pressure, 
temperature,  ga3  molecular  weight  and  cloud  thickness  (30). 

McIntosh  developed  a  special  method  for  calculating  particle  cloud  heating  to  walls  in  semi-stagnant  regions 
of  rocket  motors  (54). 

Radiant  heat  moves  through  the  entry  and  exit  cone  at  a  speed  far  exceeding  that  of  the  gas  flow  and  illumi¬ 
nates  the  plume  with  the  “searchlight"  effect.  Sic-kham  and  Love  have  recently  calculated  that  the  "searchlight” 
effect  may  contribute  as  much  heat  to  the  motor  base  as  does  direct  radiation  (55).  The  radiant  heat  from  the 
particles  in  the  plume  necessitates  exterior  insulation  on  the  parts  of  the  motor  rlosest  to  the  plume. 

The  radiant  heat  flux  from  two-phase  solid  propellant  rocket  plumes  is  most  frequently  calculated  by  the  method 
of  Morizumi  and  Carpenter  (56).  Carlson  sui  vests  some  improvements  to  improve  its  accuracy  (57). 

CONVECTIVE  HEATING  by  two-phase  flow  was  analyzed  by  Marble,  who  found  that  for  low  particle-to-gas  weight 
ratios  the  effect  of  the  particles  on  convective  heating  was  primarily  to  add  heat  capacity  to  the  flow.  In 
other  words,  the  effect  of  the  particles  could  be  provided  for  simply  by  correcting  the  gas  density  and  the 
gas  specific  heat  to  allow  for  their  effective  change  due  to  the  presence  of  the  particles  (18).  Farber  and 
Morely  had  previously  found  this  result  experimentally  for  particle-to-gas  weight  ratios  from  0  to  above  1.0 
(28).  For  solid  propellant  rockets  this  ratio  ranges  from  0  to  about  0.6  and  is  therefore  well  within  the  above 
limit,  so  this  rule  can  be  considereo  generally  applicable  for  all  solid  propellant  heat  transfer. 

Particles  also  perturb  convective  heat  transfer  by  changing  the  character  of  the  boundary  layer.  Farber  and 
Morely  and,  later,  Price  found  that  the  presence  of  particles  made  the  flow  and  boundary  layer  more  turbulent, 
ther^hy  increasing  heat  transfer  (28,30).  On  the  otner  hand  Soo  found  that  there  was  a  range  of  solids  loading 
in  which  the  particles  apparently  acted  through  their  added  inertia  to  stabilize  a  turbulent  flow  and  reduce 
heat  transfer  (27). 

Experimentally,  it  has  been  shown  in  sulld  propellant  rockets  that  uoposits  on  the  wall  which  make  it  more 
Irregular  will  disturb  the  boundary  layer.  Also,  impingement  whlrh  does  not  stick  to  the  wall  will  increase 
the  turbulence  of  the  boundary  layer  close  to  the  wall.  In  either  case  heat  transfer  will  be  increased  (30). 

IMPINGEMENT  HEATING  occur*  when  particles  deliver  heat  energy  to  the  surface  during  rontact. 

Experiment*  by  Vidya  indicate  that  when  aluminum  oxide  droplets  from  a  solid  propellant  gas  flow  impinge  on 
a  wall  they  lose  heat  to  the  wall  only  until  they  have  changed  phase  and  then  are  swept  ewgy  (48).  Cothan  and 
Barnes  assumed  that  the  particles  cooled  completely  to  wall  temperature  before  being  swept  away,  but  they 
reduced  their  calculated  heat  flux  by  an  arbitrary  “impaction  efficiency"  In  reconciling  their  test  data  (49). 

Tests  at  Battelle  show  that  impinging  droplets  that  were  at  or  close  to  the  wall  temperature  had  no  observable 
effect  on  heat  transfer  (41). 

Impingement  of  particles  of  burning  metal  fuel  on  solid  propellant  rocket  ins'iisiitsi  and  nozzle  surfaces  hss 
beun  reported  (58).  Unless  the  sail  Is  cold  enough  to  extinguish  the  particle,  impingement  of  this  type  is 
usually  accompanied  by  severe  erosion  and  beating.  The  deposited  metal  as  it  continues  to  burn  on  th~  surface 
produces  abnormally  high  heat  fluxes.  This  is  because  the  healing  potential  of  the  droplrt  of  metai  due  to  its 
unap.-nt  heat  of  cumbustion  is  two  to  five  times  greater  than  that  of  the  nxidr. 
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The  hea'ing  effectiveness  of  the  burning  metal  is  further  aided  by  its  high  temperature  of  combustion  for 
aluminum  (about  6200°F)  which  provides  a  high  local  temperature  gradient  greatly  increasing  conduction  into  the 
surface. 

Impingement  has  also  been  observed  to  cause  reduction  of  heat  flux.  In  such  cases  the  deposits  are  nonburning 
and  form  protective  layers  which  effectively  shield  the  surface  from  erosion  and  add  to  its  thermal  insulation 
(70,34). 

Rockets  which  accumulate  heavy  particle  depositions  on  nozzle  entry  surfaces  have  been  observed  to  lose  these 
deposits  in  successive  runoffs  through  the  throat  and  exit.  These  waves  of  surface  flow  have  been  traceable  in 
the  heat  transfer  data.  Heat  flux  is  abnormally  high  during  deposition,  but  then  drops  and  becomes  abnormally 
low  as  the  layer  of  deposits  becomes  thicker  and  insulates  the  surface.  Flux  becomes  high  again  whtn  the 
deposits  slough  off  (30,34). 

In  exit-plume  impingement  heat  transfer  Kuhy  and  Lewis  show  that  che  thermal  energy  delivered  by  the  particles 
has  been  found  to  be  small  compared  with  the  kinetic  energy  deli/ered  by  the  particles.  However,  if  the  impinge¬ 
ment  rate  is  sufficiently  large  a  protective  layer  of  spent  particles  builds  up  on  the  surface  which  cushions 
the  impacts  and  converts  the  kinetic  energy  to  heat.  The  layer  of  spent  particles  becomes  hotter  than  the  surface 
and  carries  away  a  large  portion  of  the  heat.  It  is  assumed  that, the  surface  is  in  thermal  equilibrium  with  the 
layer  of  particle  debris,  the  resulting  calculation  overestimates  the  heating  by  factors  ranging  froui  4  to  100. 

The  heating  reduces  the  strength  of  the  surface  and  thereby  increases  the  mechanical  erosion  (52,53). 


CHEMICAL  EFFECTS 

Chemical  attack  by  the  oxidizing  species  of  the  exhaust  gas  is  the  dominant  erosive  mechanism  in  the  high 
velocity  regions  of  the  chamber  and  the  nozzle  for  rei.actory  metals,  graphites  and  ablative  materials  (48,59). 

A  high  rate  of  heat  transfer  is  an  essential  condition  for  chemical  erosion  because  the  chemical  reactions  of 
the  gas  with  the  surface  are  dependent  on  temperature  for  initiation  and  rate  (48).  Whether  the  heat  is  trans¬ 
ferred  by  radiation,  convection,  or  impingement  does  not  seem  important. 

McDonald  and  Hedman  present  both  theory  and  correlated  data  which  show  noizle  throat  erosion  to  be  controlled 
by  temperature  and  the  oxide  »ng  potential  of  the  gas.  For  a  series  of  propellants  with  increasing  aluminum 
content  they  show  decreasing  erosion  rates.  This  is  explained  by  the  fact  that  the  more  fuel  rich  propellants 
ace  oxygen  lean  (59).  This  is  confirmed  by  Olcott  and  Batchelor  (60). 

Reactions  of  deposited  metal  oxides  with  the  surface  material  are  possible  but  are  usually  considered  a 
negligible  factor  (58). 


EROSION  PROBLEMS 

The  two-phase  flow  effects  described  in  tno  above  sections  cause  practically  all  of  the  erosion  problems 
experienced  in  solid  propellant  rocket  motors.  Ten  typical  locations  where  these  usually  occur  are  shown  in 
Figure  9.  These  common  erosion  occurren  es  are  briefly  described  in  the  following: 

(1)  Particles  of  oxide  impinge  on  the  entry  nose  eausing  either  very  high  heat  transfer,  rapid  erosion  and 
gouging,  or,  where  deposition  is  heavy,  accumulated  deposits  may  coat  and  protect  the  nozzle  nose  until 
the  deposits  melt  and  slough  off. 

(2)  Impingement  on  the  nozzle  entry  causes  high  heat  transfer  and  erosion.  If  deposited  fuel  from  the  nozzle 
nose  migrates  to  the  entry  it  will  cause  very  high  local  heat  transfer.  In  either  case  nonsyaaetric 
abnormal  thermal  stresses  and  heavy  erosion  result.  On  the  other  hand  a  coating  of  deposition  may  protect 
the  surface,  at  least  until  it  melts  away. 

(3i  The  nozzle  throat  generally  escapes  impingement  but  oxide  or  burning  fuel  deposits  from  upstream  aay  move 
to  and  through  the  throat.  The  heat  transfer  due  to  such  deposits  are  irregular  and  Bay  unevenly  heat  the 
throat  causing  local  aagnitied  thermal  stresses  which  spall  or  shatter  brittle  materials  (61).  High  local 
heating  causes  high  local  erosion.  Surface  g»ua«try  degradation  distorts  flow  causing  Impingement,  erosion 
and  gouging. 

(4)  Split-line  ridges  in  the  nozzle  area  which  project  beyond  the  boundary  layer  receiving  heavy  impingement 
even  from  small  particles.  Unless  such  surfaces  are  made  of  refractory  metals  they  will  rapidly  be 
eroded  away . 

(5)  The  downstream  portion  of  the  exit  rone  contour  buy.  it  (he  contour  is  excessively  curved,  receive  solid 
particle  impingement  and  he  mechanically  eroded. 

(6)  A  jet  vane  inserted  into  the  exhaust  receives  direct  impingement  by  solid  particles  travelling  at  supersonic 
speed.  Erosion  is  heavy  due  to  impingement  heat  transfer  which  heats  and  weakens  the  material  with  heavy 
mecha'.lcal  erosion  by  particle*. 
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(7)  An  object  in  the  path  of  the  exhaust  plume  receives  heavy  solid  particle  impingement.  Particles  are 
travelling  at  close  to  hypersonic  velocities,  but  the  gases  are  relatively  cool  and  of  very  low  density. 

The  damage  to  the  surface  is  mainly  due  to  mechanical  impact. 

(8)  Particles  of  burning  fuel  deposit  on  the  backside  of  the  submerged  nozzle  or  on  the  aft  dome  near  the 
nozzle.  The  burning  fuel  may  run  down  over  the  aft  dome  or  into  semi-stagnant  crevices  delivering  very 
large  heat  fluxes  to  relatively  thinly  insulated  surfaces  causing  burn-through. 

(9)  Burning  fuel  may  be  deposited  on  the  forward  dome  or  igniter  surfaces  and  run  down  into  semi-stagnant 
crevices  carrying  large  heat  fluxes  to  thinly  insulated  areas  causing  burn-through. 

(10)  The  outside  of  the  aft  dome  receives  a  high  heat  flux  from  the  solid  particles  in  the  exit  plume.  These 
not  o.  ly  emit  due  to  their  own  radiant  heat  but  scatter  radiation  from  the  chamber  due  to  the  "searchlight 
effect".  The  aft  dome  exterior,  if  unprotected  by  insulation,  could  be  seriously  charred. 


CONCLUSIONS 

He  have  traced  the  formation  of  two-phase  flow,  its  movement  through  the  chamber  and  its  effects  on  motor 
surfaces.  An  analysis  to  predict  erosion  due  to  two-phase  flow  should  follow  this  same  sequence  and  use,  as 
appropriate,  the  analytic  methods  illustrated  or  referred  to. 

It  should  be  evident  that  the  designer  in  understanding  two-phase  flow  and  its  consequences  can  design  to 
avoid  these  problems. 

In  particular,  it  is  recommended  that  the  designer:  (1)  select  a  fuel  that  will  completely  burn  before  its 
gases  reach  the  nozzle  surfaces,  (2)  give  the  motor  internal  spaces  good  aerodynamic  design  that  will  make 
large  flow  turns  only  at  low  velocities  and,  at  high  speeds,  make  only  gradual  turns  that  will  not  cause  particles 
to  penetrate  the  boundary  layers  and  to  impinge  and  (3)  avoid  ridges  and  obstacles  of  any  kind  in  the  high-speed 
flow  regions  (including  the  entry,  throat  and  exit  cone). 
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SUWlARY 


Graphites  have  excellent  physical  and  mechanical  proparties  for  use  at  high  temperatures  in 
unoocled  rocket  nozzles  but  undergo  erosion,  apparently  arising  from  chemical  reactions  with 
gaseous  oombustion  products.  Recent  chemical  kinetic  data  on  carbon-gas  reactions  relevant  to 
rooket  conditions  have  enabled  chemioal  rate  controlled  erosion  to  be  calculated  and  compared  with 
experimental  observations  on  speoifio  graphite  noszles.  The  reactivity  of  the  noisle  surfaoe 
depends  on  its  temperature  which  irises  progressively  duging  the  rocket  operation.  Preliminary  work 
has  shown  that  at  surfaoe  temperatures  up  to  shout  1600°K  the  erosion  agrees  with  that  predicted  by 
a  chemical  rate  oontrol  meohanism  whereas  at  higher  temperatures  the  predicted  values  are  too  high, 
probably  because  of  boundary  layer  effects  whioh  hinder  transfer  of  reactants  from  the  free  stream 
to  the  surfaoe.  Among  graphite-  currently  available  pyrolytic  graphite  has  the  lowest  reactivity 
to  oxidising  gases  and  the  highest  resistance  to  erosion  in  nossles.  This  highly  anisotropio 
material  may  be  used  with  advantage  in  practical  designs. 
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LIST  0?  SYMBOLS 

k^  first  order  resotion  rate  oonstant  for  gas  spsoies,  i 

o  ,  concentration  of  gas  speoias,  i  ,  at  wall 

W|A 

o  .  concentration  of  gas  species,  i  ,  at  edge  of  'boundary  layer,  i,e.  free  stream  value 

•s1 

l)j  effective  diffusion  coefficient  for  gas  speoiea,  i 

r  radial  distance  from  axis  of  nossle 

K  thermal  diffusivity  of  notsle  throat  material 

t  time 

£>  thickness  of  boundary  layer 

0  temperature 
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THE  NOZZLE  IS  AN  ESSENTIAL  PART  OP  A  ROCKET  MOTOR  and  hu  the  function  of  converting  the  thermal 
energy  produoed  in  e  combustion  prooais  into  propulsive  kinetic  energy  in  an  exhaust  Jet.  The 
nossle  is  usually  of  the  convergent- divergent  type,  in  which  the  ooabuation  produota  are  aooclerated 
to  sonio  velooity  in  the  convergent  section  and  to  supersonio  velocity  in  the  divergent  eeotlon. 

The  maximum  heat  transfer  occurs  at  the  snallest  oross-seotion  or  "throat"  where  the  mass  velooity 
per  unit  oross-seetional  area  reaohes  a  maximum  value  and  this  is  where  nossle  materials  problems 
are  most  severe. 

The  nossle  is  required  to  maintain  its  eontour  and  structural  integrity  throughout  the  period 
of  oombustion  whioh  may  range  from  a  fraotion  of  a  second  to  several  minutes.  The  use  of  unoooled 
nossles,  particularly  for  aolid  propellent  rocket  motors,  is  preferable  to  the  use  of  cooling 
techniques  whioh  usually  involve  penalties  in  terms  of  oomplioation,  oust  and  weight.  Only  a 
limited  number  of  aaterials  are  sufficiently  refractory  for  use  in  unoooled  nossles  and  these  are 
invariably  brittle  and  susceptible  to  thermal  shook.  Of  these  materials,  graphite  is  the  most  widely 
used  because  of  its  low  density,  good  specific  strength,  high  sublimation  temperature  and  high  resist¬ 
ance  of  thermal  shook.  Many  different  types  of  graphite  have  been  produoed  but  they  all,  to  some 
extent,  undergo  erosion  when  used  in  rocket  nossles.  It  is  important  for  the  rocket  designer  to  be 
able  to  make  reasonable  predictions  of  the  dimensional  changes  in  the  nossle  throat  whioh  occur 
throughout  the  firing  since  they  affeot  the  variation  of  thrust  with  time.  There  will  also  be  some 
limit  to  the  tolerable  amount  of  erosion.  Furthermore,  any  non-uniformity  of  eroalon  may  lead  to 

undesirable  misalignment  of  thrust.  Sinoe,  as  will  be  shown  later,  the  erosion  of  graphite  nossles 
is  believed  to  arise  mainly  from  ohemical  reactions  with  the  rocket  exhaust  gases,  it  is  clear  that 
oarbon-gas  reactions  play  an  important  role  in  determining  the  extent  of  this  erosion.  This  paper 
draws  some  preliminary  conclusions  about  the  relationship  between  the  extent  of  erosion  and  the 
chemical  kinetics  of  the  relevant  carbon-gas  reactions. 

MECHANISMS  CONTROLLING-  EROSION  RATE 


The  erosion  of  graphite  nossles  may  be  considered  to  arise  from  both  ohemioal  and  mechanioal 
processes.  Graphite  is  known  to  react  ohemically  with  oxidising  species  such  as  water  vapour,  carbon 
dioxide,  oxygen,  hydroxyl  radicals  and  oxygen  atoms,  which  msy  be  present  in  the  rocket  exhaust,  to 
form  carbon  monoxide,  a  gaseous  product.  These  and  other  possible  reactions,  e.g.  with  hydrogen, 
will  lead  to  surface  regression.  Mechanioal  erosion  msy  result  from  the  action  of  shearing  forces 
exerted  by  the  high  velocity  rocket  exhaust,  often  containing  liquid  and  aolid  particles. 

Although  some  attempts  have  been  made  to  Dredict  the  erosion  as  a  combination  of  both  ohemioal 
and  mechanioal  processes,  e.g.  by  Gowarlker  (1),  there  is  considerable  experimental  evidence, 
supmarised  below,  to  suggest  that  ohemical  erosion  predominates. 

(i)  For  any  particular  grads  of  graphite,  erosion  rate  ia  very  oependent  on  the  concentration 
of  oxidising  gases  in  the  rocket  exhaust.  This  observation  has  been  widely  reported, 
e.g.  (2,3)  and  a  oommon  finding  is  that  an  aluminised  propellent  often  produces  loss 
erosion  than  the  corresponding  norv-aluminised  propellent,  even  though  the  former  has  a 
significantly  higher  combustion  temperature  and  produces  alumina  whioh  would  be  expected 
to  accentuate  mechanical  erosion.  However,  the  non- aluminised  propellent  produces  larger 
concentrations  of  oxidising  gases, 

(ii)  In  laboratory  experiments  different  types  of  graphite  have  been  ahown  to  exhibit  different 
reactivities  towards  oxidising  gases,  e.g.  (4).  The  rates  of  erosion  of  these  graphites 
ir  rocket  nossles  fall  into  the  same  general  pattern,  e.g.  pyrolytic  graphite  oan  exhibit 
up  to  twenty  times  less  erosion  than  high  density  conventional  graphites  (5). 

(ill)  Laboratory  experiments  on  carbon-gaa  reactions  carried  out  with  flow  reactors,  e.g.  (4), 
have  shown  that,  at  constant  temperature,  reaotion  rats  increases  with  flow  velocity  in 
the  region  where  there  a iw  boundary  layer  effects,  eventually  reaching  a  value  independent 
of  flow  velocity,  whioh  ia  considered  to  be  the  true  ohemioal  rate.  Meohanioal  erosion 
would  be  expected  to  increase  indefinitely  with  flow  velooity.  Also,  in  this  type  of 
experiment,  inert  gases  such  as  argon  produce  negligible  erosion  at  all  velocities,  exospt 
at  very  high  temperatures  where  vaporisation  of  oarbon  can  occur. 

Even  with  the  assumption  that  erosion  is  oaustd  only  by  ohemioal  reaotion,  i.s.  mechanioal 
erosion  is  negligible,  the  rate  controlling  mechanism  is  not  neossaarily  the  "true"  ohemioal  rate  of 
the  surface  reaction  since  the  presence  of  a  boundary  layer  may  hinder  the  supply  of  reactive  species 
to  the  surface.  This  situation  has  been  treated  extensively  elsewhere,  particularly  by  Rosner, 
e.g.  (6),  In  the  simplest  oast  for  a  first  order  reaotion  of  a  gaseous  species,  the  reaotion  rate 
at  the  surface  is  given  by  kj,  cv  .  This  is  balanoed  by  the  rats  of  flow  of  reactive  apsoiss  by 
diffusion  through  the  boundary  layer  to  the  surface,  given  by  (oe  ^  -  cw  ^)/6  ,  The  relative 
magnitudes  of  the  velocity  conatanta  kj,  and  Dj/6  may  be  used  to  define  t&ree  different  rate 
controlling  coohanisms, 

(a)  Chemioal  rata  control 

When  the  reaotion  rate  oonstsnt  is  very  small,  suoh  that  k^  «  Di/6  ,  then  cm  i  — ^  o,  i  , 
i.e,  the  oo.roentration  of  reactive  epeoies  at  the  wall  is  very  similar  to  that  in  the  free 
stream.  Under  this  condition  the  erosion  rats  is  controlled  by  the  "true"  ohemioal  rate 
at  the  eurfaoe.  The  calculation  of  erosi'n  rate  requires  a  knowledge  of  the  surface 
temperature  (whioh  influences  the  value  cf  ki  ),  the  concentrations  of  reactive  species 
in  the  gas  stream  and  the  relevant  ohemical  kinetic  data. 


28-2 


(to)  Transition  region 

When  the  reaotion  rate  constant,  h  ,  it  significant  compared  to  D^/6  then  there  trill 
toe  a  oonoentration  gradient  of  reactive  species  across  the  boundary  layer  such  that  the 
oonoentration  at  the  wall  will  toe  less  than  in  the  free  stream.  For  instance  if 


The  erosion  rate  will  depend  on  the  values  of  tooth 


*i  *  V*  *..than  °w.i  “  ae,i/2  -  -  -  -  - ,  - 

k.  and  Dj/o  •  The  calculation  of  erosion  rate  requires  ell  the  same  data  as  for  (a) 
above  and,  in  addition,  the  relevant  data  for  mass  transfer  through  the  boundary  layer. 


(o)  Diffusion  oontrol 

When  the  reaotion  rate  oonstant  is  large,  euoh  that  k^  »  Dj/6  ,  then  o„  ^  — ►  0  , 
i.e.  any  reactive  species  reaohing  the  wall  is  immediately  removed  and  the  concentration 
is  effectively  sero.  The  erosion  rate  is  thus  dependent  only  on  the  rate  of  diffusion 
of  reactive  species  through  the  boundary  layer  to  the  surface.  The  calculation  of  erosion 
rate  requires  only  a  knowledge  of  mass  transfer  data. 


During  the  operation  of  a  rocket  motor  the  temperature  of  the  exposed  surface  of  the  nostle 
rises  progressively  and  the  reaotion  rate  constants  would  be  expected  to  increase  with  temperature. 
Thus  all  the  above  mechanisms  may  toe  operative  at  some  time  during  the  firing.  It  can  toe  seen 
that  the  surfaoe  temperature  is  of  paramount  significance.  It  should  also  toe  noted  that  the  erosion 
rate  oannot  exoeed  that  predicted  toy  chemical  rate  control. 


CHEMICAL  REACTIVITY  OF  6RAFHITES 


Reactions  between  graphites  and  gases  have  been  studied  extensively  and  there  is  a  considerable 
literature  dealing  with  the  topic.  An  excellent  review  has  been  made  toy  Lewis  (7) • 

The  conditions  under  which  the  nozzle  operates  depend  on  the  propellent  system,  combustion 
pressure  and  burning  tine.  At  the  nozzle  throat  the  gas  temperature  (approximately  0.9  of  the 
combustion  temperature)  may  be  over  3000°C,  the  pressuie  (approximately  0.5  of  combustion  pressure) 
may  toe  up  to  a  hundred  atmospheres  and  the  burning  time  may  be  up  to  several  minutes.  The  gas 

stream  may  contain  significant  amounts  of  reactive  speciea  (e.g,  see  Table  l)  and  is  at  sonic  velocity, 
typioally  about  1000  metres/sec.  It  is  desirable  to  be  able  to  make  use  of  chemical  kinetic  data 
appropriate  to  these  conditions  but,  unfortunately,  most  experimental  data  have  been  obtained  at 
either  low  temperature  or  low  pressure.  Extrapolation  to  rocket  nozzle  conditions  is  not  reliable 
beoause  of  the  complex  nature  of  the  reactions.  The  shortage  of  useful  data  is  no  doubt  due  to  the 
difficulty  of  devising  experimental  methods  which  lead  to  the  acquisition  of  true  chemical  rates  not 
influenced  by  boundary  layer  effeots.  Another  complication  is  that  the  reactivity  of  different 
graphites  has  been  shown  to  vary  widely  according  to  their  structure. 

In  the  combustion  products  from  many  propellents  the  principal  reactive  species  are  water  vapour, 
carbon  dioxide,  oxygen,  hydrogen,  hydroxyl  radicals  and  oxygen  atoms.  Recent  work  (8)  has  yielded 
chemical  rates  for  the  first  four  of  these  reactants  at  temperatures  up  to  3000  K  and  pressures  up 
to  100  psia,  i.e.  more  relevant  to  nozzle  conditions  than  previous  data,  and  for  two  graphites  in 
particular,  viz,  Le  Carbone  5890  and  pyrolytic  graphite,  which  we  have  investigated  in  our  rocket 
nozzle  tests.  Some  extrapolation  of  these  data  was  still  required  in  order  to  apply  them  to  our 
nozzle  teats  and  therefore  consideration  had  to  be  given  to  the  influence  of  temperature,  pressure 
and  mixtures  of  gases  on  the  basic  data. 

APPLICATION  OF  CHEMICAL  KINETICS  TO  PREDICTION  OF  NOZZLE  EROSION 


PREVIOUS  WORK.  No  satisfactory  comprehensive  method  of  predicting  the  erosion  of  graphite 
nozzles  had  yet  been  devised.  However,  considerable  progress  has  been  made  in  this  direction  and 
some  notable  contributions  may  be  considered  very  briefly. 


(l)  Delaney.  Eagle ton  and  Jones  (2) 

Calculations  were  made  of  the  surfaoe  temperature  history  of  the  nozzle  and  the  erosion  was 
predioted,  taking  into  account  both  chemical  rates  and  boundary  layer  diffusion.  The 
kinetio  data  for  the  C/COp  reaction. were  extrapolated  from  the  results  of  Khitrin  (9)  which 
had  been  obtained  for  electrode  carbon  at  a  gas  pressure  of  one  atmosphere  and  over  the 
temperature  range  1000-2000°K.  It  was  assumed  that  the  C/HgO  reaotion  had  ;he  same  rate 
as  the  C/COo  reaotion  under  all  conditions  (although  it  was  recognised  that  the  C/HgO  rate 
may  be  considerably  faster)  and  that  bo£h  reactions  are  first  order.  The  C/Hg  reaotion 
was  assumed  to  be  negligible  below  2500°K  and  the  C/C>2,  C/OH  and  C/0  reactions  were  assumed 
to  be  negligible  beoause  of  the  low  oonoentrations  involved.  QThey  ooncluded  that  oheaioal 
rate  oontrol  operates  at  surfaoe  temperatures  below  about  1500°K  and  that  at  about  2000TC 
chemical  and  diffusion  processes  are  equally  important. 


(ii)  MoCuen.  Sohaefer,  Lundberg  and  Kendall  (10) 

A  similar  approach  to  that  of  the  previous  example  was  made  but  with  &  comprehensive 
analysis  of  heat  and  mass  transfer  for  a  multl-oouponent  gas  stream.  The  chemical  reac¬ 
tions  considered  to  be  important  were  C/COg,  C/H20  and  C/}'2.  The  C/COg  rate  constants 
were  from  extrapolation  of  the  results  of  Sulbranssn  and  Andrew  (11)  for  a  synthetic 
graphite  in  the  temperature  range  800-1 200°K  at  one  atmosphere  in  a  static  system  and  the 
C^i2^  ra*e  constants  were  from  extrapolation  ofQthe  results  of  Blyholder  and  Eyring  (12) 
for  a  apeotroaoopio  grade  graphite  at  1200-1600°K  and  in  the  pressure  range  of  approximately 
10”5  to  IQ-4  atmospheres,  Tha  C/Hg  reaotion  kinetics  wore  taken  from  Lowrie  (13).  All 
reactions  were  assumed  to  be  first  order.  This  work  has  produoed  very  useful  computer 
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programs  for  the  prediction  of  erosion  rates  of  graphites  and  ablative  aaterlala  auoh  aa 
reinforced  plastios. 

(ill)  McDonald  and  Hedman  (3) 

These  authors  pointed  out  the  vide  variation  in  reported  ohemioal  Icinatlo  data  for  oarbon- 
gaa  reaotiona  and  therefore  they  adopted  an  approach  whereby  the  relevant  oarbon-gaa 
reactions  were  assumed  to  have  an  infinite  rate  auoh  that  chemical  equilibri.ua  is  reached 
in  the  gas  adjacent  to  the  surface*  In  this  way  the  maximum  possible  erosion  rate  oould 
be  estimated.  It  was  considered  that  erosion  is  diffusion  controlled  at  temperatures 
above  200CTK. 

(iv)  Oowariker  (l) 

Both  ohemioal  and  mechanical  processes  were  considered*  It  waa  oonoluded  that  the 
chemioel  reaotivlty  of  a  graphite  is  related  to  its  bulk  density  whereas  the  suaoeptibllity 
to  aeohanical  erosion  is  related  to  its  open  porosity.  Chcmloal  kinetic  data  for  C/CO2 
and  C/H20  reactions  were  the  same  aa  uasd  in  (i)  above.  The  surface  temperature  of  the 
nosile  was  a*»"~d  to  be  idantioal  to  that  of  the  exhaust  gas. 

(v)  Mavberrv.  Kordlg.  Zeamer  and  Browning  (14) 

The  average  erosion  rate  was  assumed  to  be  a  function  of  varlablaa  assoolated  with  rooket 
motor  operation  and  a  dimensional  analysis  of  the  variables  enabled  some  correlations  to 
be  obtained  with  results  from  actual  rooket  firings.  It  was  considered  that  the  rates  of 
carbon-gas  reactions  are  very  high  under  noasle  conditions  and  that  erosion  waa  therefore 
diffusion  limited.  It  was  recognised  that  for  short  burning  times  ohemioal  rate  oontrol 
was  probable. 

Summarising  the  papers  listed  above,  it  is  dear  that  they  all  suffer  from  lack  of  reliable 
ohemioal  kinetio  data  for  the  partioular  graphites  under  investigation.  There  is  little  doubt  that 
ohemioal  rates  are  important  in  the  erosion  of  all  graphite  noseles  sinoe  different  graphites  era 
known  to  exhibit  different  amounts  of  erosion  under  similar  test  conditions.  For  example,  pyrolytio 
graphite  may  undergo  an  erosion  of  twenty  times  less  than  high  quality  conventional  graphites  (5). 
Furthermore,  the  boundary  layer,  which  is  assumed  to  modify  the  oonoentration  of  waotiv*  speoiee  at 
the  surface  is  ill-defined  and  lta  role  in  controlling  erosion  rate  may  have  been  over-emphasised. 

In  a  rooket  motor  firing  the  total  erosion  should  bo  regarded  as  the  integrated  effeot  of  erosion 
over  a  range  of  temperatures  and  pressures  and  not  as  an  average  erosion  rate  multiplied  by  the  firing 
time,  if  reasonable  predictions  are  to  be  made. 

PRESENT  WORK.  In  order  to  investigate  the  role  of  oarbon-gae  reaotiona  in  t'ne  erosion  of 
graphite  rocket  nosslee  we  have  made  use  of  a  liquid  bi-propellent  rooket  engine  (hydrogen  peroxide/ 
kerosene)  because  of  th<  following  advantages  over  a  solid  propellent  rooket  motor  for  thij  work. 

(i)  The  combustion  products  contain  a  very  high  proportion  of  reaotive  apeoiea  (see  Table  1 ) 
and  are  free  from  condensed  phases.  Henoe  the  role  of  chemioal  reactions  should  be 
highlighted. 

(ii)  The  oombuatlon  pressure  oan  be  kept  constant  throughout  a  firing,  thus  removing  one  of  the 
variables  in  solid  propellent  rooket  tests. 

(ill)  The  combustion  temperature  (2500°K)  is  lower  than  for  most  solid  propellents  suoh  that 

after  a  reasonable  firing  time  of  10  seoonds  the  surfaoe  temperature  of  a  graphite  nossle 
does  not  exoeed  1700°X.  Previous  investigators  have  oonoluded  that  eroeion  is  probably 
chemical  rate  controlled  under  this  condition. 

(iv)  The  mixture  ratio  of  tho  two  proponents  may  be  varied  to  achieve  variations  in  oonbustlon 
temperature  and  relative  amounts  of  combustion  products. 

(v)  The  exhaust  gas  is  transparent  in  the  visible  region,  permitting  the  application  of 
optical  techniques  to  the  measurement  of  surfaoe  temperature. 

The  nossle  assembly  used  in  all  tests  is  shown  in  Fig.  1  and  is  identical  to  that  used  in  our 
at*easnent  tests  with  solid  propellent  rockets.  Two  different  graphites,  vis.  Le  Carbone  5890  and 
pyrolytio  graphite  (edge  surfaoe  exposed)  were  investigated  since  the  relevant  ohemioal  kinetio  data 
were  available  for  these  (8). 

Beoauae  of  the  obvious  importance  of  the  surfaoe  temperature,  several  methods  of  measursment 
were  investigated. 

(a)  Embedded  thermocouples  _ 

Spring-located  thermocouples  (Pt/Pt  -  IJJS  Rh,  diameter  0.005  inoh)  were  posi  tioned  redially 
at  known  depths  of  from  0.1  to  0.25  inoh  from  the  original  exposed  surfaoe.  They  incor¬ 
porated,  at  the  junotion,  a  small  platinum  disc,  blaokened  with  onrbon,  to  aot  as  a  radia¬ 
tion  oolleotor.  This  obviated  the  need  for  perfeot  meehanioal  oontaot  with  the  nossle 
material.  The  surfaoe  temperature  was  obtained  by  the  extrapolation  of  these  thermocouple 
readings,  making  an  allowance  for  surfaoe  recession. 

(b)  Cine  photography  # 

This  method  was  based  on  that  devised  by  Hall  (15).  An  8  mm  olne  film  was  tsken  of  the 
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nosile  throat  during  the  rooket  firings,  using  an  interference  filter  at  6643  £.  A 
calibrated  tungsten  strip  lamp  at  a  number  of  known  brightness  temperatures  was  also 
recorded  under  identical  conditions  on  the  same  length  of  film.  The  strip  lamp  images 
rer-a  used  to  oonstruot  a  calibration  ourre  of  optical  density  versus  reoiprooal  of  bright¬ 
ness  temp  era  tux's.  Thus  the  brightness  temperature  of  the  no  sale  oould  be  determined  from 

the  optioal  density  of  its  image,  and  the  true  temperature  obtained  from  a  knowledge  of 
the  emissivity  of  the  graphite. 

(o)  Optioal  pyronetry 

Use  was  ma^e  o?  an  automatio  optioal  pyrometer  (Iroon  Ino.)  with  a  fast  response  reoorder. 

The  first  method,  using  thermocouples,  enabled  a  complete  temperature  reoord  to  Jje  obtained 
throughout  the  firing.  The  other  two  methods  oould  be  applied  only  above  about  1000  K.  The  cine 
method,  in  conjunction  with  a  miorodensitometer,  provided  a  map  of  temperature  distribution  on  the 
surface  of  the  nossle.  Although  optioal  pyrometry  is  basically  the  simplest  method  it  has  the 
disadvantage  of  having  limited  temperature  ranges,  i.o.  no  single  range  would  oover  a  oomplete 
firing  in  all  oases. 

The  total  erosion  was  measured  from  ths  projeoted  image  of  the  nossle  throat  before  and  after 
firing. 

The  theoretioal  estimation  of  graphite  nossle  erosion  by  ohemioal  rate  oontrol  was  carried  out 
in  the  following  way.  First  of  all  the  surface  temperature  and  internal  temperature  distribution 
were  calculated  by  a  method  based  on  the  radial  flow  of  heat  through  a  hollow  cylinder,  using  a 
numerical  solution  of  the  standard  equation 


d2e  i  de  i  de  _ 

.  2  *  r  Jr  *  K  dt  " 


The  convective  heat  tranefer  coefficient  at  the  hot  face  waa  oaloulated  using  the  method  developed 
by  Parkinson  (16).  This  approaoh  yields  the  surfaoe  temperature  (and  internal  temperature  distribu¬ 
tion)  as  a  function  of  time.  Secondly,  the  conditions  in  the  gas  stream  l.a.  composition,  pressure 
and  temperature  were  oaloulated  by  standard  methods  assuming  equilibrium  flow.  Finally  the  rate  of 
erosion  of  the  graphite  throat  as  a  function  of  surface  temperature  (and  therefore  time)  throughout 
the  firing  wns  calculated  on  the  basis  of  ohemioal  rate  oontrol.  The  reactions  considered  were 
C/CO 2,  C/HoO,  C/02,  C/H2  for  which  the  reoent  data  had  been  obtained  (8),  For  the  purposea  of  the 
present  work  the  concentration  of  hydroxyl  radicals  waseinoluded  in  that  of  water  vapour  and  the 
concentration  of  oxygen  atoms  was  included  in  that  of  molecular  oxygen.  The  C/H2  reaction  makes  a 
negligible  contribution  to  erosion  since  the  reaotion  rate  is  a  factor  of  IT*-  lass  than  for  C/C02. 
Kvaporation  of  oarbon  is  also  negligible  at  temperatures  below  2500  K  (17).  For  the  three  remain¬ 
ing  reaotiona,  vl*.  C/C02,  C/H20  and  C/O2  some  extrapolation  of  ths  data  (8)  to  lower  temperatures 
and  higher  pressures  was  required.  At  temperatures  well  below  the  rate  maximum  there  is  a  linear 
relationship  between  log  (reaction  rate)  and  reciprocal  of  absolute  temperature  and  extrapolation 
waa  made  on  this  basis.  Extrapolation  to  higher  pressures  for  all  the  reaotions  was  based  on  the 
general  findings  of  Lewis  (8)  in  the  range  1  to  3  atmospheres  that  these  reaotions  are  firet  order, 

r84otion  rate  is  proportional  to  concentration  (partial  pressure)  of  reacting  gas*  An  apparent 
exception  is  the  reaction  between  pyrolytio  graphite  (edge  surfaoe)  and  oarbon  dioxide  at  tempera- 
turea  below  that  for  the  rate  maxinujo  (approximately  1800°K)*  However,  oarbon  dioxide  significantly 
diluted  with  inert  gases  moro  nearly  follows  the  first,  order  relationship  end  this  seams  more 
appropriate  to  our  conditions.  '  It  was  also  assumed  that  eaoh  reacting  spsoies  aots  independently. 
Although  Lewis  (8)  found  that  additions  of  oarbon  monoxide  retarded  the  C/C02  reaotion,  this  effeot 
was  only  significant  for  relative  amounts  of  oarbon  monoxide  greeter  then  present  in  our  oonditions. 

The  theoretioal  and  experimental  results  for  ths  two  types  of  graphite.  La  Carbone  5890  and 
pyrolytio  (edge  surface)  in  the  liquid  propellent  rooket  engine  are  given  in  Fig.  2.  It  can  he 
seen  that  agreement  is  obtained  between  measured  and  oaloulated  surfaoe  temperature*  and  erosions 
»>r  both  graphites. 

rt  is  worth  noting  that  the  ohoioe  at  ohemioal  kinstio  data  has  a  profound  offset  on  ths  pre¬ 
dicted  erosion  rates,  assuming  ohemioal  rets  oontrol.  In  Tables  2  and  3  »  oooparieon  is  made 
between  the  use  of  the  data  from  Lewis  (8)  end  ths  date  used  by  MeCusn  (10)  end  by  Gowsriksr  (1)  to 
which  previous  reference  has  been  made. 

4s  have  extended  our  ohemioal  rate  oontrol  predictions  to  ths  same  two  graphites  in  typical 
solid  propellant  rooket  motor  teste,  Ths  oonditions  in  ths  free  gas  stream  are  inoluded  in  Table  1 
and  the  predioted  erosions  are  oompared  with  experimental  values  in  Figs.  3  and  4.  It  can  ba  seen 
that  the  measured  erosion  is  considerably  less  than  that  predioted  showing  that  diffusion  prooeeses 
beoome  significant  during  ths  firing. 

Cffl’CLUSIOKS 

Carbon-gas  reaotions  have  been  stv  m  to  play  a  significant  role  in  the  erosion  of  graphite 
rooket  nomlea  and,  in  fact,  at  moderate  temperatures  the  amount  of  erosion  can  be  accounted  for  on 
the  basis  of  ohemioal  rats  control.  Even  at  higher  temperatures  where  the  boundary  loyer  is 
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believed  to  bare  an  effect,  the  erosion  rate  is  influenced  by  earbon-gas  reaction  rates.  It 
follows  that  in  the  selection  of  a  graphite  for  use  in  an  unoooled  rocket  nossle,  the  oheaioal 
reactivity  should  be  an  important  consideration. 

Although  some  progress  has  been  made  there  is  still  no  adequate  theory  which  will  give  a 
quantitative  prediction  of  the  erosion  of  g-aphite  nossles  under  all  conditions.  However,  previously 
proposed  mechanisms  which  take  some  aooount  of  oheaioal  kinetics  could  be  re-assessed  in  the  light 
of  the  latest  data  (8).  The  presence  of  a  rate  maximum  in  the  C/CO2  and  C/Oj  reactions  Is  of 
particular  significance  since  it  follows  that  the  erosion  due  to  these  gases  will  decrease  with 
increasing  temperature  in  the  range  190C-2500°K.  Thus  it  is  possible  that,  in  this  region,  the 
erosion  dus  to  carbon  dioxide  and  oxygen  is  chemical  rate  controlled  whereaa  that  due  to  water 
vapour,  which  does  not  exhibit  a  rate  maximum,  ia  diffusion  oontrolled. 

In  order  tc  investigate  further  the  meehaniama  controlling  noasle  erosion  and  their  interchange 
during  a  rocket  firing  it  would  br  desirable  to  know  the  inatanteneoua  surface  temperature  and  erosion 
rate.  The  latter,  although  net  normally  available,  oould  be  obtained  from  continuous  preoiae 
measurement  of  thrust,  pressure  and  mass  flow  rate  of  propellent. 

Improved  graphites  for  nozzle  applications  will  be  characterised  by  improved  oxidation  resist¬ 
ance  under  rocket  conditions.  Pyrolytio  graphite  is  superior  in  this  resneot  and,  typically,  under¬ 
goes  a  total  erosion  of  one- twentieth  of  that  of  conventional  graphites  (5;,  furthermore  this 
material  is  highly  anisotropic.  Thus  in  a  rocket  nossle  two  configurations  ere  possible,  vis. 
"stacked  disc"  and  "shell".  The  staoked  disc  (edge  surface  exposed)  arrangement  hes  the  higher 
chemical  reaotivity  (although  still  muoh  loser  than  for  other  graphites)  but  reaches  e  lower  surface 
temperature  beoause  of  the  high  thermal  oonduetlvity  normal  to  the  surface.  It  ia  Interesting  to 
note  that  under  certain  conditions  in  tha  C/COo  reaction  Lewie  (8)  shows  sero  order  behaviour  for 
this  configuration.  This  implies  chemical  rate  oontrolled  erosion  independent  of  pressure  -  e 
desirable  feature  if  obtainable  in  a  practical  nossle.  The  shell  (basal  plane  surface  exposed) 
arrangement  has  the  lower  chemical  reactivity  but  reaches  higher  surface  temperature  beoause  of  the 
low  thermal  conductivity  normal  to  tha  surface.  This  configuration  is  particularly  attractive 
because  its  high  thermal  insulation  allows  the  use  of  non-refractory  materials  of  high  specific 
strength,  e.g.  fibre-reinforced  plastios,  in  the  construction  of  a  lightweight  nossle  assembly. 

By  a  judicious  combination,  tha  two  configurations  of  pyrolytic  graphite  may  be  used  advantageously 
in  the  same  nozzle  design. 
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TABLE  1 

Conditions  in  free  gas  stream  at  nozzle  throat 


TAELS  2 


Le  Carbone  graphite  grade  5990 

Chemioal  rate  controlled  eroaion  rates,  at  1  atm  absolute  pressure,  oaloulated 
from  Tarlous  souroes  of  kinetic  data 


1*3 

Linear  erosion  rate  (10“3  inch/aeo) 

Data  from  Lewis  (8) 

Data  used  in  Ref*  (10) 

_ 

Data  used 
in  lief.  (1) 

C02 

h2o 

O2 

CO2 

H£0 

All 

600 

8.4910  -  18 

1.1010  -  03 

9.73,0  -  03 

5.73,0  -  21 

4.26,0  -  11 

8.58,0  -  07 

800 

2.82io  *  11 

1 .28, Q  -  02 

8.86,0  -  02 

2.28,o  -  13 

5.53,0  -  08 

5.88,o  -  03 

1000 

2*31io  -  07 

5.54,0  -  02 

3.33,0  -  01 

8.28,0  -  09 

3.85,0  -  06 

1.18,0  4  00 

1200 

9.3810  -  05 

1.4710  -  01 

8.06,0  -  01 

9.C810  -  06 

6.08,0  ‘  05 

4.03,0  *  01 

1400 

6.851q  -  03 

2.97i0  -  01 

1.51,0+  00 

1*3510-03 

3.94,o  -  04 

5.03,o  ♦  02 

1600 

1.7110  -  01 

5.01 IQ  -  01 

2.43,0  *  00 

5.73,0  -  02 

1.40,0-03 

3.34,o  *  03 

1800 

6.fc10  -  01 

7.64,0  -  01 

3.22,0  ♦  00 

l.06,o*  00 

3.21,0  -  03 

1.46,0*  04 

2000 

6.561q  -  01 

1*0610  ♦  00 

3.19,0  *  00 

1.09,0  ♦  01 

K> 

O 

1 

O 

S 

\f 

4.73,o  ♦  04 

2200 

3.261q  -  01 

1.38,0  +  00 

2.77,0  *  00 

7.37,0  *  01 

7.51,0-03 

1.24,o*05 

2400 

2.0010  -  01 

i.72,0  *  00 

2.11,0  ♦  00 

3.62,o  *  02 

9.04,o  -  03 

2.77,o  ♦  05 

2600 

1.91,0  -  01 

2.08,o  ♦  00 

1.89,0*0° 

1.39,0  ♦  03 

1.00,o-C2 

5.46,o  *  05 

2800 

2.5910  -  01 

2.44,0  *  00 

2.16,0*  00 

4.41,0*  03 

1  eOp^Q  *  C‘2 

9.7710  *  05 

30 00 

6.M1C  -  01 

2,8010  ♦  00 

■■■■  — 

3.0310  ♦  00 

f 

1 *^®i0  + 

...  1 

1.06,0-02 

TABLE  3 


Pyrolytic  graphite 

Chemical  rate  controlled  erosion  rates,  at  1  atn  absolute  pressure,  calculated 
froc  various  sources  of  kinetic  data 


Linear  erosion  rate  (1u“3  inch/ sec) 


K5 

— 

Data  from  Lewis  (8) 

Data  used  in  Ref.  (10) 

Data  used 
in  Ref.  (1) 

— 

C02 

H20 

02 

C02 

H20 

All 

600 

2.40i0  -  17 

3*33,0  -  14 

7.8410  -  06 

4.82,o  -  21 

3.58,0-ii 

?.?1l0  -  07 

800 

2.611C  -  11 

2.27i0  -  09 

5.73,0  -  04 

1.92,o  -  13 

4.6510  -  08 

4.9::, 0  -  05 

1000 

• 

o 

_vo 

O 

1 

o 

■Vi 

1*81 io  ~  cS 

7.53,0  -  03 

6.97i0  "  09 

3.24,0  -  06 

9.51,0 -°1 

1200 

2.8310  -  05 

l.5510-04 

4.19,0  -  02 

7.fc30  -  06 

5.11,o  -  05 

3.35,0  -  01  j 

1400 

l.5l10-°3 

3.73,0  -  03 

1',3i0  "  ^ 

3.32,0  -  04 

4.23,0  *  02 

1600 

2.9710  -  02 

4.05io  -  -2 

3.58,0  -  01 

4.82,o  -  02 

1  ’7,0  '  '3 

2.8110  *  03 

1800 

2*15,0  '  01 

4.28..  -  02 
.0 

2.11..  *  00 
10 

8.91,0  -  01 

2.70,0  ‘  05 

’.22,o*  04 

2000 

1*^10  -  01 

^o-oi 

1.97,0  ♦  00 

9*1910  +  00 

4.5810  -  03 

3.93,p  ♦  04 

2200 

8.5410  -  02 

6.37, c  -  01 

1.40,0  *  00 

6.20,o  ♦  01 

6.31,0  -  03 

’.04,0*  °5 

2400 

5-38,0  -  02 

1.22,o  ♦  0° 

1.05,0  ♦  00 

3.04,o  ♦  02 

7.60,o  -  03 

2.33,0  +  05 

2600  |  4.60.,  -  02 

1.6010  +  00 

£.63,0  -  01 

1.17,0  ♦  03 

8.41,0  -  03 

4.5910  *  05 

2800 

7.4410  -  02 

1.79,o  ♦  00 

1.0110  ♦  00 

3.71,0  *  03 

8.81,0  -  03 

8.22,0  ♦  05 

3000 

l— - 

1.75,0  -  01 

1.8910  ♦  00 

1.82,0*  00 

- - 

1.01,0*04 

8.92,0  -  03 

1.36,0*06 

* _ 
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SURFACE  TEMP,*K  LINEAR 


Tig.  2  Predicted  surface  teaparature  and  total  erosion,  hydrogen  peroxids/kerosena  propellant 


SURFACE  TEMP  ,~K  LINEAR 


Predicted  surface  teeperature  and  total  erosion,  iin»<ait«^  solid  propellant  actor 
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SUMMARY 

The  interaction  of  various  carbons  (pyrolytic  graphite,  vitreous  carbon  and  an  erosion-resistant 
synthetic  graphite)  with  oxidising  gases  present  in  solid-propellant  exhausts  ( CO2 ,  HjO  and  O2)  was 
investigated  at  pressures  of  1  -  3  atmospheres  and  surface  temperatures  of  1500  -  3000  K.  The  use 
of  high  gas  flow  velocities  (up  to  4  x  104  cm/sec)  ensured  freedom  from  boundary  layer  diffusion 
control  in  til  but  the  most  reactive  conditions  studied. 

Graphs  of  veight  loss  rate  versus  temperature  exhibited  a  maximum  and  a  minimum  for  reactions 
in  COj  and  02,  but  not  in  H2O.  Significant  departures  from  first  order  behaviour  were  observed  in 
some  cases. 

Variations  of  the  reaction  rate  vith  the  type  of  carbon  and  the  reactant  gas  vere  in  general 
less  pronounced  than  at  lover  temperatures.  Hovever,  the  synthetic  graphite  vas  still  found  to  be 
markedly  more  reactive  to  C02  than  pyrolytic  graphite  or  vitreous  carbon,  the  best  pyrolytic  graphite 
shells  reacting  at  only  3  -  4^  of  the  rate  of  the  synthetic  graphite.  Molecular  oxygen  vas  an  order 
of  magnitude  more  reactive  than  CO2  or  sieam,  but  if  due  allovance  is  made  for  the  concentrations  of 
these  gases  in  the  oxhaust  their  contributions  to  the  overall  erosion  rate  are  H2O  ;*►  CO2  »  O2  for 
high  temperature  propellants,  vith  CO2  assuming  greater  importance  at  lover  temperatures. 


* 
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CAMION  1*  in  Buiy  respects  an  excellent  constructional  MtirUl  for  high  temperature  applica- 
Jt  ha®  *  hl*h  nublimat.on  temperature,  high  strength-to-veight  ratio  and  it*  atrangth  .increases 
vith  temperature.  Hovavar ,  lta  usefulness  la  ganarally  llmitad  by  its  raaoiiona  vith  oxidising  gaaaat 
for  example,  mosj  commercial  graphites  are  unsuitable  for  prolonged  exposure  to  air  at  temperatures 
in  excess  of  500  C,  Despite  this  drawback,  various  improved  grades  of  carbon  have  been  found  to 
perform  satisfactorily  as  nozzle  materials  in  solid  propellant  rockets  of  short  firing  tlsies  (of  the 
order  of  seconds). 

The  aim  of  the  -  ork  to  be  described  in  this  paper  was  to  investigate  the  reaetlons  of  oxidation 
resistant  forms  of  carbon  vith  gases  present  in  solid  propellant  rocket  exhausts  (especially  the 
major  constituents,  carbon  dioxide  and  steam) |  these  reactions  vers  to  be  studied  at  temperatures  up 
to  about  3000°K  and  at  pressures  above  atmospheric,  in  order  to  provide  chemical  kinetic  data  which 
could  be  extrapolated  with  a  reasonably  high  degree  of  confidence  to  rocket  nozzle  pressures,  of  the 
order  of  1000  p,s,i.  (70  kg/cnr). 

The  main  obstacle  to  the  achievement  of  this  objective  was  the  difficulty  of  creating  experi¬ 
mental  conditions  in  •■diieh  true  chemical  rates,  free  from  boundary  layer  diffusion  control,  could  be 
measured.  This  problem  can  best  be  understood  by  considering  the  five  consecutive  steps  involved  in 
a  typical  gas-solid  reaction.  These  arei 


(i)  Transport  of  reactant  to  surface 

(ii)  Adsorption  of  reactant 

(iii)  Reaction  between  adsorbed  species  and  surface 

(iv)  Desorption  of  product 

(v)  Transport  of  product  from  surface 


The  overall  reaction  rate  will  be  governed  by  the  slowest  of  these  stepsi  thus,  at  low  tempera¬ 
tures  and  pressures  the  reaction  may  be  adsorption-controlled,  while  at  high  pressures  the  rate  of 
desorption  may  become  more  important.  In  highly  reactive  conditions,  i.e,  when  steps  (ii),  (Hi) 
and  (iv)  become  very  rapid  (as  in  the  high  temperature,  high  pressure  combustion  of  carbon),  the 
overc.ll  rato  tends  to  be  limited  by  the  rate  of  diffusion  of  the  reactant  and  product  gases  to  and 
from  the  surface  respectively.  This  "diffusion  control"  may  be  overcome  in  one  of  three  ways. 


(a)  Reduction  of  the  reaction  pressure  (specifically  exoluded  by  the  terms  of  reference  of  the 
present  work). 

(b)  The  use  of  a  solid  reactant  in  the  form  of  fine  partiolest  this  technique  has  a  number  of 
disadvantages  and  was,  in  particular,  regarded  as  too  far  removed  from  the  rocket  noacle 
geometry. 

(c)  The  use  of  high  gas  velocities,  with  the  object  of  reducing  the  boundary  layer  thickness 

to  a  minimum.  This  approach  was  preferred,  mainly  because  of  ite  compatibility  with  expsrl 
mental  geometries  broadly  comparable  with  that  of  the  rocket  nozzle. 


APPARATUS 

Two  main  types  of  reaction  system  were  employed,  both  designs  being  based  on  the  considerations 
discussed  above.  All  the  initial  work  was  carried  out  in  tubular  flow  reactors  of  the  type  illustra¬ 
ted  in  Pigs.  1  and  2,  this  geometry  being  chosen  as  the  closest  practicabls  approach  to  that  of  a 
nozzle.  A  weighed  and  measured  tubular  specimen  of  the  carbon  under  investigation,  approximately 
1,3  cm  i.d,  x  1.6  cm  o.d,  x  1.3  cm  long,  was  mounted  in  a  graphite  support  (Morganite  ET9  or  Le 
Carbone  5580)  with  a  tightly  fitting  graphite  seal  ring  at  the  upper  end  to  minimise  reaction  on  the 
outside  and  end  surfaces  of  the  specimon.  The  assembly  was  heated  by  R.P.  induction  in  a  stream  of 
inert  gas  (argon  or  nitrogen)  to  a  temperature  slightly  above  or  below  the  desired  reaction  tempera¬ 
ture,  depending  upon  whether  the  reactant  gas  was  carbon  dioxide  (endothermic)  or  oxygen  (exothermic). 
The  temperature  of  the  inside  (reacting)  surface  of  the  specimen  was  measured  continuously  by  moans 
of  a  band  (silicon  solar  cell)  pyrometer  coupled  to  a  Honeywell  potentiometric  strip  chart  recorder. 
The  alignment  of  the  Land  pyrometer  was  checked  immediately  before  each  run  by  comparing  its  rsadlng 
with  that  of  a  disappearing  filament  pyrometer  directed  at  the  hot  specimen  surface  near  the  centre 
of  the  area  to  be  reacted.  Corrections  were  applied  for  emissivity  and  for  reflection  losses  at  the 
two  surfaces  of  the  quartz  glass  window  (see  Appendix). 

When  conditions  were  steady,  the  inert  gas  stream  was  replaced  by  reactant  gas  by  means  of  a 
solenoid  valve  change-over  system.  Manual  control  of  the  R.P.  output  subsequently  maintained  the 
surface  temperature  within  close  limits,  usually  +  10  K  or  better.  At  the  end  of  the  reaction  period, 
usually  of  the  order  of  1  min.,  the  R.P.  power  and  reactant  gas  flow  were  shut  off  and  the  reactor 
purged  vith  inert  gas,  all  three  operations  being  controlled  by  a  single  svitch.  The  specimen  was 
cooled  in  inert  gas,  removed  from  the  reactor  and  weighed  and  measured  again |  the  area  taken  for  the 
calculation  of  specific  reaction  rate  was  the  average  of  the  initial  and  final  areas  of  the  inside 
surface,  plus  a  small  empirical  correction  to  allow  for  reaction  on  part  of  the  end  surface  due  to 
leakage  of  gas  past  the  seal  ring. 


Vith  the  gas  supply  system  available,  it  vas  found  difficult  to  achieve  gas  flows  in  excess  of 
about  8000  cmVsec  through  the  tubular  reactor,  even  at  atmospherio  pressure.  This  corresponded  to 
a  mean  linear  velocity  in  the  specimen  of  4000  cm/sec,  which  proved  to  be  insufficient  to  overcome 
diffusion  control  in  the  most  reactive  conditions  studied.  Increasing  the  velocity  by  reduction  of 
the  specimen  diameter  caused  difficulties  in  heating  and  in  the  measurement  of  temperature |  the 
creation  of  artificial  turbulence  by  the  incorporation  of  a  vortex  generator  in  the  gas  inlet  had 
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th®  effect  of  substantially  reducing  th®  gas  flow  rat®  required  to  achltv®  ch®mtcal  control,  but 
al*o  rosulted  in  high®r  h®at  tranaf*r  r*t®«  from  th®  aurfac®  with  a  consequent  sharp  increase  in  th® 
pow®r  required  to  maintain  a  given  surface  temperature. 

The  problem  was  eventually  overcome  by  the  use  of  impingement  (stagnation  flow)  reactors 
(Pigs,  3  and  4)  similar  to  that  used  by  Strlckland-ConstableU)  ,nd  others.  The  specimen,  in  the 
form  of  a  cylindrical  rod  approximately  6,0  x  0.5  cm,  was  mounted  between  two  massive  graphite  end- 
blocks  and  heated  by  the  passage  of  an  electric  current.  A  jet  of  gas  was  directed  at  right  angles 
to  the  surface  of  the  specimen  near  its  central  by  the  use  of  jet  diameters  of  0.48  and  0.75  cm, 
velocities  could  be  achieved  which  were  an  order  of  magnitude  greater  than  in  the  tubular  reactor. 

The  temperature  of  the  reacting  surface,  directly  above  the  jet,  was  recorded  continuously  by  means 
of  the  Land  pyrometer,  which  was  focussed  on  the  specimen  via  the  quartz  glass  window,  gas  entry 
tube  and  jet. 

The  experimental  procedure  was  similar  to  that  described  for  the  tubular  reactor,  except  that 
the  reaction  rate  was  determined  by  easting  an  image  of  the  specimen  on  a  screen  and  measuring  the 
recession  rate  of  the  reacting  surface.  Although  some  use  was  made  of  time-lapse  photography,  most 
of  the  results  quoted  were  obtained  either  by  measuring  with  a  stop-watch  the  time  taken  for  the 
image  to  recede  by  a  given  amount  on  a  graduated  screen,  or  by  means  of  the  photo-electric  monitor 
illustrated  in  Fig,  5.  This  was  based-on  a  linear  array  of  40  silicon  photodiodes  with  a  total 
length  of  4.0  mm|  selected  diodes  vers  connected  via  a  ‘'triggering"  circuit  and  selector  switch  to 
a  millisecond  timer  in  such  a  way  that  the  times  for  image  recessions  of  0.1,  0.2,  0.5,  1.0,  2.0  or 
3.9  mm  could  bo  recorded  automatical lyi  actual  surface  recessions  were  about  one  fifth  of  these 
figures,  due  to  five-fold  magnification  of  the  image  by  the  lens  arrangement  used.  It  was  found 
necessary,  in  the  interests  of  reproducibility,  to  operate  the  photodiode  assembly  within  a  limited 
range  of  illumination!  this  was  ensured  by  attaching  a  silicon  photocell  to  the  screen  within  the 
image  area  and  adjusting  the  output  of  the  photocell  to  a  fixed  value  by  means  of  the  iris  diaphragm 
on  the  projection  lens.  The  spacing  of  the  diode  pair  in  use  was  calibrated  before  each  run  against^- 
a  clock  gauge  with  a  sensitivity  of  0.0005"  (approximately  0.001  cm). 

The  photoelectric  monitor  was  of  particular  value  in  the  measurement  of  rates  too  rapid  for 
the  visual  technique.  It  had  the  further  advantage  that  rates  could  be  measured  from  a  non-zero 
reference  time,  thus  eliminating  errors  due  to  (a)  the  fluctuation  of  conditions  immediately  after 
the  change-over  to  reactant  gas  and  (b)  losses  of  carbon  occurring  in  the  inert  gas  (i.e.  before 
the  start  of  the  reaction)  at  the  highest  temperatures  studledi  the  latter  error  was  particularly 
troublesome  in  the  tubular  reactor  but  could  be  reduced  to  a  colorable  level  by  reducing  the  heat¬ 
up  period  in  inert  gas  to  a  minimum. 

The  advantages  and  disadvantages  of  the  tubular  and  impingement  types  of  reactor  for  the  present 
purpose  may  be  summarised  as  follows l  The  tubular  reactor  has  the  advantage  of  greater  geometrical 
similarity  to  the  rocket  nozzle,  is  simple  to  use  but  of  limited  applicability  because  of  the  compa¬ 
ratively  low  maximum  gas  velocities  which  can  be  achieved  in  it.  The  impingement  reactor  represents 
a  totally  different  flov  geometry,  is  less  convenient  to  use  (especially  in  the  high  pressure  ver¬ 
sion)  and  is  subject  to  the  further  objection  that  allowance  must  be  made  for  the  effect  of  dynamic 
(pitot)  pressure  on  the  true  reaction  preosura  (it  was  found,  in  practice,  that  the  only  satisfac¬ 
tory  way  to  do  this  was  empirically,  i.a.  by  measuring  pitot  pressures  directly  over  a  wide  range  of 
flow  and  static  pressure  conditions,  fitting  tha  results  to  an  empirical  equation  and  writing  a 
computer  programme  to  give  an  output  of  pitot  pressure  versus  flov  and  static  pressure  in  tabulated 
form).  However,  hesa  disadvantages  vers  outweighed  by  the  advantages  of  high  gas  velocities  and 
automatic  measurement,  without  which  the  highest  reaction  rates  reported  here  would  have  proved 
exceedingly  difficult,  if  not  impossible,  to  measure. 

Materials.  The  carbons  studied  veret 

(a)  Vitreous  carbon,  prepared  by  tha  controlled  thermal  degradation  of  a  phenolic  resin, 
(abbreviated  to  VC  in  the  text). 

(b)  Pyrolytic  graphite,  supplied  by  Union  Carbide  and  by  Supertemp  Corporation  in  the  form  of 
plates  about  1.25  cm  thick,  and  subsequently  machined  into  hollow  cylinders  with  the  e_- 
axis  parallel  to  the  cylinder  axis,  for  the  study  of  "edge-surface"  reactivity  (PG-edgo). 

(c)  Pyrolytic  graphite,  supplied  by  Le  Carbone  and  by  tha  Rocket  Propulsion  Establishment  in 
the  form  of  thin  cylinders  with  basal  planes  tunning  circumferentially  round  the  cylinder, 
for  the  study  of  "basal  plane  surface"  reactivity  (PG-basal). 

(d)  Le  Carbone  5890  graphite,  a  oloee-grained  synthetic  graphite  vhlch  has  found  application 
as  a  rocket  nozzle  material. 

The  gases  used  were  supplied  mainly  by  Air  Products  Ltd.  Nitrogen  and  argon  typically  had 
dew-points  of  -189°C  and  oxygen  contents  of  4  v.p.m.  (parts  per  mi’lion  by  volume),  vhile  carbon 
dioxide  oontained  about  5  v.p.m.  eaoh  of  oxygan,  nitrogen  and  vatar  vapour  as  its  main  Impurities. 

The  gas  supply  system  to  the  reactor  incorporated  four  eeparate  gae  feeds  with  drying  columns  packed 
with  Union  Carbide  molecular  sievae  (type  5A),  "Qapmeter"  (tapared  tube)  flov  gauge  assemblies 
capable  of  measuring  flovs  of  2 0-1000 _l/min,  a  mixing  chamber,  a  dust  filter  for  the  removal  of 
entrained  particles  down  to  1  u  in  diameter,  and  "test”  quality  pressure  gauges  for  measuring 
supply  and  reaotion  pressures/  Steam  was  supplied  by  a  Clayton  atsam  generator  via  a  steal  pipe¬ 
line,  fitted  with  an  oriflce-plnte  recording  flov  meter,  and  a  heated  filter  unit  of  sintered 
stainlesa  steel  to  remove  llquit  water  droplets  and  any  entrained  eolld  impurities. 
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RESULTS  AND  DISCUSSION 


DEPENDENCE  OF  REACTION  FATE  ON  CA.s  VELOCITY.  The  effect  of  gas  velocity  on  reaction  rate  is 
commonly  used  as  an  indication  of  the  presence  or  absence  of  diffusion  control.  The  effect  was  ini¬ 
tially  studied  in  the  tubular  roactor,  for  the  reaction  of  carbon  dioxide  vith  vitreous  carbon  (lov 
reactivity)  and  3890  graphite  (comparatively  high  reactivity).  Sons  of  the  results  obtained  for 
vitreous  carbon  at  1  atmosphere  pressure  are  shown  in  Fig.  6|  in  general,  the  reaction  rate  was  only 
slightly  dependent  upon  the  gas  velocity  except  near  the  lover  end  o£  the  surface  temperature  range 
investigated  ( 1700-3000°K ) .  Anomalous  results  were  obtained  at  2230  K,  a  temperature  close  to  the 
maximum  in  the  rate/temperature  curve  (see  beiov),  in  that  nearly  all  of  the  14  runs  carried  out 
gave  rates  lover  -  in  some  cases  by  an  order  of  magnitude  -  than  those  obtained  at  higher  or  lover 
temperatures.  At  surface  temperatures  above  Tml)( ,  the  critical  velocity  (at  which  the  reaction  rate 
became  independent  of  velocity)  vas  less  than  3000  cm/sec.  The  much  higher  velocity-dependence 
exhibited  by  5890  graphite,  the  moat  reactive  of  the  carbons  studisd,  is  illustratad  in  Fig,  7)  it 
is  probable  that  most  of  the  rs-iults  obtained  for  the  reaction  of  carbon  dioxidt  vith  this  matarial 
in  the  tubulai  reactor  were  dep  ised  to  a  significant  extant  by  boundary  layer  diffusion  offsets, 
while  true  chemical  rates  ware  ge.srally  obtained  for  vitreous  carbon  and  both  eurfaces  of  pyrolytic 
graphite. 

Critical  velocities  for  the  steim-carbon  reaction  were  much  higher!  even  for  vitreous  carbon 
St  the  comparatively  lov  temperature  of  2090°F,  the  jet  velocity  required  to  overcome  diffusion 
control  vas  approximately  33,000  cm/sec  (i.a.  1  sonic))  at  2407  K  (near  the  temperature  at  which  the 
apparent  activation  ene-gy  begins  to  decrease),  experimental  points  vara  subject  to  a  such  moie  pro¬ 
nounced  scatter,  but  a  general  tendency  for  the  reaction  rate  to  increase  vith  jet  velocity,  up  to 
end  beyond  ,onic  velocity,  can  be  seen  (Fig.  8).  Because  of  the  intense  localised  cooling  affect  of 
such  high  velocity  steam  jets  it  vas  found  necessary  to  limit  ths  jet  velocity  to  0.5  -  1,0  times 
sonic,  and  reaction  rates  above  about  0.1  g/cm^  „c  (i.e,  of  the  order  of  10  mile/sec)  are  therefore 
likely  to  have  been  depres.ee'’  to  some  extent  by  diffusion  effe.ta.  (The  problem  might  be  overcome 
by  pre-heating  the  steam  to  a  temperature  near  that  of  the  surface)  using  higher  heating  currants 
through  the  specimen,  to  offset  the  cooling  effect  at  the  impingement  area,  merely  causes  over-heating 
of  other  parts  of  the  specimen,  usually  leading  to  failure  by  erosion  or  evaporation). 

CARBON  DIOXIDE  REACTION 


DEPENDENCE  OF  REACTION  RATE  ON  SURFACE  TEMPERATURE  AND  TTTE  OF  CARBON.  As  a  result  of  previous 
work  on  the  gaseous  oxidation  of  carbon  at  high  taa;.*raturea,  mainly  carried  out  at  lov  pressures 
(2-5)  to  avoid  the  problems  of  diffusion  control,  the  general  shape  of  the  rate/temperature  curve  is 
by  now  veil'  known.  The  reaction  rate  does  not  increase  nonotonically  with  temperature,  but  paaaee 
through  e  maximum,  followed  by  e  range  of  temperstura  (which  in  some  eases  amounts  to  several  hundred 
..agrees)  in  vhich  the  rate  decreases  vith  temperature.  Further  increase  of  temperature  causes  the 
rate  to  reach  a  minimum  and  then  increase  sharply  again.  These  general  features  have  recently  been 
confirmed  for  pressures  near  (h-9)  and  above  (9)  atmospheric , 


Results  obtained  for  all  four  carbons  in  the  tubular  reactor  at  16.0  p.a.i.a.  (pounds  per 
square  inch  absolute  pressure),  vith  a  mean  COj  velocity  of  3000  cm/eec,  are  shown  in  Fig,  9.  (Mean 
velocity  •  flov  rate  in  cm^/sec  divided  by  internal  croes-aactionai  area  of  epecimen  in  eir),  The 
basal  plane  surface  of  PC  vas  the  least  raactivs  of  tha  four  carOons  studied,  while  the  synthetic 
graphite  (5890)  vas  the  most  reactive,  over  the  entire  temperatuiv  range  (1500-3000  K ) »  tha  5890 
results  were,  as  stated  above,  affected  by  boundary  layer  diffusion  control,  and  weight  loss  rates 
for  this  material  ia  the  impingenent  reactor  (also  ehovn  in  Fig.  9)  vara  up  to  3}  tiaae  those 
obtained  in  the  tubular  reactor,  I'ovexer,  part  of  this  discrepancy  must  presumably  have  bean  f*  * 
to  mechanical  erosion  in  the  impingement  reactor,  since  specific  reaction  rates  below  abort  0.9A 
g/em^  were  shovn  (by  rate  velocity  plots)  to  bs  independent  of  velocity  in  the  tun-ilar  reactor  at 
30X3  cn  sec.  Hates  obtained  an  the  tubular  reactor  at  l«v  temperatures  and  naai  min  era  therefore 
regeided  as  more  reliable  them  the  impingement  rear tc r  results.  The  reactivity  r  ic  between  VC  and 

the  FD  being  the  more  reactive  material  at  temperatures 
the  mare  reactive  at  intermediate  temperatures. 


ID  (edge)  jjrpends  markedly  on  temperature, 
beiov  2000  K  and  above  2800  K  while  VO  is 


HAKIIVfsE  t  1RHTI0V,  OF  REVTIt  ITT.  All  the  carbons  exhibited  appreci-bie  variations  in  reac¬ 
tivity  to  carbon  dioxide,  as  shown  in  Figs.  10-12.  The  best  overall  reproducibility  was  exhibited 
by  vitreous  carl-on,  vi  th  a  maximum  variation  of  •  10*  for  the.  four  batches  studied.  The  5890 
graphite  gave  fairly  reproducible  results  at  temperatures  beiov  the  rate  maximum,  but  varied  uj* 
j.  185  near  the  rate  minimum.  Five  batches  of  prulytic  graphite  from  e  single  manufacturer  varied 
by  y.  47*  hslov  lie  *ste  maximum  wit'  rather  vide  -enalicne  vithin  seen  batchi  however,  above  T-t„ 
IV  was  the  i-»t  reproducible  materiel  (•  21*), 


It  is  clear  from  these  results  that,  at  present,  accurate  predic  mite  of  nosxle  erosion  rates 
from  kinetic  date  obtained  in  the  laboratory  can  cnlv  be  aade  if  the  be:  reactivity  has  fust  teen 

established  by  reaction  rate  deteisninati ona  under  standard  cn;  ' 1 1  mm.  The  only  way  in  which  this 
rather  o (satisfactory  situation  ran  be  improved  is  by  furtler  investigation  of  the  factor*  affecting 
feactiv.ty.  villi  a  view  to  producing  carbons  with  much  more  closely  reproducible  properties. 

THE  CINDER  DF  F* ACT ION  v- lh  r.  spei  t  to  pressure  of  '  Oj  vas  i  net  •  t  tga  t  iu  ."nr  IV  (edge)  in  tha 
tubular  reactor,  with  some  support  from  impingement  reactor  expenaents.  and  for  3890  graph**.# 

(vhtci  required  higher  gas  veiorities  to  overcome  diffusion  control)  in  the  impingement  reactor. 

Results  for  Wi  (edge)  are  shorn  in  Figs.  11  and  14.  As  be  seen  from  Fig.  13,  the  reaction 
rate  a  apprusiaately  independent  of  pressure  at  temperatures  b*l«k  T_. ■  and  at  tha  htgbast  pressures 
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and  t.mpsr.tur.s  studied  (i.e.  in  the  region  of  1000  K).  At  temperatures  between  and  Tml„ , 

the  average  roactinn  order  over  the  range  lb.O  -  45.0  p.s.i.a.  was  about  1.2.  The  agreement  between 
impingement  and  tubular  reactor  results  depended  on  the  pressure,  as  follows: 


16.0  p.a.i.a. 
24.0  p.a . i.a. 

32.0  p.a. i .a. 


I  very  good  agreement 

:  ratos  close  to  15095  of  16,0  p.s.i.a.  rates,  indicating  a  reaction  order 

of  1.0 

l  unexpectedly  high  results  near  Tr,x,  witn  rates  approximately  equal  to  the 
45  *0  p.s.i.a.  rates  in  the  tubular  reactor.  No  complete  explanation  can 
be  offered  for  these  very  high  rates;  however,  it  is  possible  that  the 
"edge"  surface,  which  is  more  susceptible  to  damage  than  the  basal  plane 
surface,  was  mechanically  eroded  by  the  high  velocity,  high  pressure  ga* 
jet.  The  rate  of  this  erosion  would  be  expected  to  increase  with  gas 
pr*»^3ure  and  with  the  rate  of  the  simultaneous  chemical  attack  «n  the 
surface. 


Results  for  5890  graphite  are  shown  in  Fig,  If,  These  results  may  have  tern  affected  by  the 
contribution  of  mechanical  erosion  to  the  observed  erosion  rate  (as  discussed  above,  with  reference 
to  Fig.  9),  Anomalously  low  rate?  were  observed  at  16.0  p.s.i.a,  at  terperatures  above  Tm*x,  in 
that  a  gharp  decrease  in  rate  occurred  at  about  2100  K,  followed  by  a  very  flat  minimum  extending 
to  2800  K,  As  can  be  seen  from  Fig.  15,  the  numbe*  and  distribution  of  experimental  points  is  such 
that  they  cannot  be  fitted  satisfactor ily  to  a  smooth  curve  of  the  type  normally  obtained.  The 
same  effect  occurred  at  21.0  p.s.i.a.  over  a  mi're  limited  temperature  range  (2100-2200°K) ,  but  was 
not  observed  at  higher  pressures. 


A  possible  explanation  for  thij  anomalous  behaviour  was  suggested  by  the  observation  that 
spec  imens  exhibiting  a  low  reaction  rate  developed  a  "sooty"  coating  during  oxidation.  This  coating, 
being  non-coherent  and  presumably  of  low  electrical  and  thermal  conduc tivity .  would  be  expected  to 
le.d  to  •  drop  ir.  the  eurf.oe  temperature  as  "seer.''  bv  the  radiation  pyrometer:  increasing  the  heating 
power  to  compensate  for  this  temperature  drop  would  cause  the  underlying  cat  bon  to  become  heated 
above  the  nominal  reaction  temperature  and  therefore  (since  the  reaction  rate  decreases  with  increase 
of  temperature  in  this  range)  to  react  more  slowly.  Mechanical  removal  of  the  "soot"  by  the  reactant 
gas  jet  may  account  for  the  absence  of  the  effect  at  the  highest  pressures. 


In  view  of  the  wide  departure  of  these  low  rates  from  the  expected  smooth  curves,  and  the 
explanation  proposed,  results  obtained  at  16.0  and  21.0  p.s,i,a»  in  the  temperature  range  quoted 
are  regarded  with  suspicion  and  have  therefore  not  been  used  in  tire  reaction  order  plots  (Fig.  16). 


Reliable  rate  measurements  have  not  yet  been  made  on  the  basal  plane  surface  of  PT.j  large 
specimens  suitable  for  the  tubular  reactor  were  difficult  to  obtain  and  inordinately  expensive, 
while  small  bore  tubes  for  the  impingement  reactor  were  subject  to  a  thickness  limitation  of  about 
0.025  cm  to  avoid  de-laminat ion i  these  very  thin  specimen*  tended  tc  fail  by  over-heating  of  the 
surface  outside  the  impingement  urea,  as  previously  mentioned.  \  few  experiments  were  made  with 
vitreous  carbon  in  the  tubular  reactor  at  pressures  up  to  48  p.s.i.a.,  but  the  results  were  apparent¬ 
ly  subject  to  partial  diffusion  control  and  are  therefore  not  reproduced  here;  in  view  of  a  recent, 
decrease  in  interest  in  vitreous  carbon  as  a  nozzle  material,  the  work  has  not  been  repeated  in  the 
impingement  reactor. 


EFFECT  OF  ADDITIONS  OF  CAR  HUN  MONOXIDE.  The  first  step  in  the  reaction  of  carbon  with  carbcn 
dioxide  is  generally'  agreed  to  involve  the  transfer  of  an  oxygen  atom  from  the  CfH  molecule  to  the 
surface; 


r  ,  ro^—^co  •  c(o)  . . _ (l) 

This  is  followed  by  gasification  of  the  adsorbed  oxygen  as  carbon  monoxide: 

C(0)  — CO  . (2) 


on  cf  the  reaction  by  carbon  monoxide  at  comparatively  low  temperatures  (usually  below 
•  well  known  and  has  been  discussed  in  a  large  number  of  papers  over  the  past  10  years 
(eee,  for  exampla,  refs.  10-18).  Two  main  mechanism*  of  retardation  have  been  proposed,  namely 
(a)  the  regeneration  of  carbon  dioxide  by  the  interaction  of  carton  monoxide  with  a  reaction  inter¬ 
mediate,  e.g.  the  reversal  of  reaction  (l),  and  (b)  the  reversal  «f  reaction  (2)  by  adsorption  of 
CO  on  active  sites,  making  such  sites  unavailable  for  reaction  with  the  rOj. 

No  previous  work  appears  to  have  beau  reported  on  the  affect  of  carbon  monoxide  on  the  fOj- 
carbon  reaevion  at  or  near  rocket  exhaust  temp#  re  turns,  {tall*  and  >  tr  i  ckl  and-'  ‘«i»s  table  (7) 
reacted  pile  grade  graphite  with  COj  to  whirh  30*  TO  had  been  added  to  inhibit  the  dissociation  of 
the  fOji  the  assumption  appears  to  have  been  made  that  the  f“0  had  no  utfitr  effect  on  the  reaction 
rata,  and  no  comparisons  with  UX7*  or  with  er  mixtures  ware  reported*,  t'onp»si  t  ion  dal  ■%  for 
typical  solid  propallenl  exhausts,  baaed  on  thermodynamic  calculations,  indicate  that  the  i'Oh’Oi 
ratio  »n  the  combustion  chamber  vanes  from  approximately  2il  to  20tl  for  different  propellants. 

It  was  considered  possible  that  these  High  concentrations  of  f*0  might  have  a  significant  effect  on 
the  rat#  of  reaction  of  (3)^  with  a  carbon  nuxxlei  an  experimental  investigation  »f  the  reaction  of 
aaeh  of  the  four  carbons  with  iD'fOj  mixtures  was  therefore  made,  using  the  tubular  reactor  (Fig. 2). 

The  gases  used  ware  supplied  by  Air  *\  ‘ducts  !.td.,  to  the  following  specifications! 


tarda ti 

hoo  k)  i 
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Carbon  dioxide;  CO 2  99,9#,  O2  5  v.p.m.,  N2  5  v.p.m,,  SO;  <  1  v.p.m.,  H2&<0,01  v.p.m.,  CO 
<1  v.p.m.,  Ar  1  v.p.m..  H  1  v.p.m.,  hydrocarbons  <  1  v.p.m.,  H;0  6  v.p.m. 

Carbon  monoxide:  0  2  +  Ar  130  v.p.m.,  N2  <10  v.p.m.,  C02  40  v.p.m.,  If2  *  5  v.p.m, ,  CH^Ov.p.m., 
02H2<0.5  v.p.m.,  total  hydrocarbons  <  5  v.p.m.,  H2O  8  v.p.m. 

{The  concentration  of  water  vapour,  and  possibly  also  of  some  of  the  other  impurities  present  in  both 
gases,  was  probably  reduced  to  an  even  lower  level  by  passage  through  a  molecular  sieve  column,  5  ft. 
long  x  6  in.  diameter,  packed  with  Union  Carbide  5A  sieves  and  incorporated  in  the  gas  supply  sys¬ 
tem)  . 


Separate  streams  of  the  two  gases  were  metered  through  Platon  flow  gauges  and  passed  through  a 
multi-baffle  mixer  and  a  Vokes  air  filter  with  a  paper  element  capable  of  removing  entrained  parti¬ 
cles  down  to  1  ftm  in  diameter.  Samples  of  the  mixed  gaaes  were  analysed  by  absorption  of  the  CO2  in 
"Carboserb''  tubes:  the  CO2  contents  of  the  mixtures  varied  from  10.2#  to  74. 8$. 

Results  obtained  for  the  reaction  of  PH  (edge)  with  pure  CO2,  one  C(>2/Ar  mixture  (as  a  "control'1) 
and  four  different  002./C0  mixtures  are  shown  in  Fig.  17.  Comparison  of  the  curve  for  50.5#  CO2, 

49. 5#  CO  with  those,  for  100#  CO;  and  for  50.5#  C02,  49.5#  Ar  shows  that  at  temperatures  above  about 
2150  C  the  CO  acted  merely  as  a  diluent;  however,  at  lower  temperatures  a  pronounced  retarding  effect 
occurred,  the  rate  at  1800°K  (near  the  normal  Tm.x  in  CO2)  being  only  3#  of  the  rate  in  100#  C02* 
Similar  effects  were  observed  with  the  other  C02/C0  mixtures;  a  progressive  increase  in  the  CO  con¬ 
centration  depressed  the  rate  maximum  and  displaced  it  to  higher  temperatures,  until  with  10.2#  CO2, 

89 .8#  CO  the  rate  maximum  virtually  disappeared. 

Pate  measurements  on  the  otuer  three  carbons  indicated  that  the  retarding  effect  of  CO  was 
much  less  pronounced  than  on  the  edge  surface  of  PC.  These  results  are  summarised  in  Table  1,  which 
gives  the  ratio  of  the  rate  in  mixed  gas  to  ih^t  in  CO;  for  all  four  carbons,  in  two  CO2/CO  mixtures 
and  at  three  temperatures ;  Tmxx,  Tffiin  and  2250  K  (which  lie?  between  and  ^min  for  all  the  car¬ 

bons).  TmBX  and  Tmjn  here  represent  the  t*  peratures  at  which  the  rate  maximum  and  minimum  occur, 
for  each  carbon,  in  luO^  CO2. 


Type  of  Carbon 

^mixtur./^C02 
»<•  T«ii  {°r  C°2 

m  ix  tur  e  /  yp,C02 
at  225CTK 

/•mix  tur  e  /^C02 
Tmin  tor  C02 

«cor 

0.012 

*co2  = 
0.505 

*to2  =  ■*C02» 

0.102  0.505 

xco2  = 
0.102 

*coz  - 
0.505 

FT.  (Edge) 

0.01 

0.03 

0.075  0.47 

0.18 

0.40 

PG  (Pasal)-Le  Carbone 

- 

0.d3 

0.63 

- 

0.6 

pn  (B»s«l)-R.P.E. 

- 

0.50 

- 

- 

- 

VC 

- 

0.54 

0.50 

- 

0.42 

■>890 

0.043 

0.42 

0.035  0.48 

0.063 

0.69 

If  the  reaction  order  with  respect  to  CO2  cone entrat ion ,  for  mixtures  of  CO2  with  an  inert 
diluent,  is  assumed  to  be  1.0,  then  values  of  ^mixture  '^C02  which  are  appreciably  less  than  the 
value  of  *f02  (»•*•  the  mole  fraction  of  CO2)  indicate  retardation  by  CO.  If  allowance  is  made  for 
an  apparent  order  of  about  1.2,  as  indicated  bv  the  effect  of  dilution  of  the  CO;  with  argon,  the 
only  carbon  exhibiting  significant  retardation  in  50.5’'  CO;,  40. 5*  CO  in  the  temperature  range 
quoted  is  Pf»  (edge  .  The  retardation  effect  in  10.2s*  CO2  f  89,8*  CO  is  pronjuneed  for  PG  (edge) 
and  much  smaller,  but  probably  significant,  for  5b 90  graphite,  at  T^  and  at  2250°K. 

Cons  ideretion  of  the  combustion  tempera  turn  and  exhaust  com  posit  ions  of  typical  solid  propel"* 
lants,  together  with  the  above  results,  suggests  that  retardation  of  the  C02-earbon  reaction  by  the 
CO  present  in  the  exhaust  will  in  general  not  be  important.  This  is  because  the  cooler,  noo- 
aluninised  propellants,  with  combustion  lam  peratures  in  the  region  of  2800  R,  yield  a  comparatively 
low  C0'r02  ratio  (~1.75)  in  tho  exhaust:  retardation  by  sucha  small  concentration  of  CO  will  be 
significant  only  for  FO  (edge)  noxxles  with  surface  temperatures  below  about  2200°Kt  for  the  other 
carbons,  and  for  It;  {edg*  >  at  higher  temperatures,  the  CO  will  act  only  as  a  diluent,  Vith  aluaini- 
sed  propellants,  with  higher  cumtustien  temperatures  (up  to  about  3500  r),  surface  temprraturea  will 
be  higher  and  therefore  the  CO  is  again  likely  to  act  only  as  a  diluent,  even  if  W5  (edge)  noxxies 
are  used. 


MNTTICS  AT  TfHITNATIKKS  \H0S'K  T.iBt  THF  OONTRIIMTIOS  OF  EVAPORATION  OF  CAHflON.  The  work  to 
be  described  in  this  section  aroso  from  tho  suggostion  that  since  the  temperatures  of  preparation 
of  all  the  carbone  studied  were  below  the  maximum  react  on  temperature,  their  reactivity  might  be 
affected  by  the  preliminary  heating-up  period  nitrogen  or  argon.  Specimens  were  therefore  heated 
for  various  periods  at  temperatures  eber  9  2600  K  with  a  view  to  determining  the  effect  on  their 
subsequent  reactivity.  This  treatment  had  the  uno^ected  result  of  caw  rig  surface  re-orientation 
of  vitreous  carbon  and  edge-surface  pyrolytic  graphite,  with  the  formation  of  a  skin  of  carbon, 
nodular  in  struebiro,  having  a  highly  profaned  orientation  of  basal  pl-nes  parallel  to  the  surface 


It  was  considered  that  this  re~oMentation  effect  might  have  a  bearing  on  the  kinetics  of 
weight  loss  in  © 'e  of  two  waysi 
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(a)  If,  as  suggested  by  much  of  the  experimental  evidence  (19),  the  effect  occurs  via  an  evaporation- 
condensation  mechanism,  interruption  of  the  process  by  homogeneous  reaction  of  evaporating  species 
with  an  oxidising  gas  would  lead  to  a  high  rate  of  removal  of  carbon,  with  a  high  temperature  coef¬ 
ficient, 

(b)  Whatever  the  mechanism,  mobile  carbon  atoms  involved  in  the  re-orientation  process  would  be 
expected  to  be  temporarily  more  reactive,  so  that  the  rate  of  the  heterogeneous  reaction  vou'.d 
increase. 

An  assessment  of  the  contribution  of  evaporation  of  carbon  to  the  kinetics  was  made  by  comparing 
weight  loss  rates  in  oxidising  gases  with  evaporation  rates  in  an  inert  gas  or  a  vacuum. 

Because  of  the  disturbing  effect  of  H.F,  discharges  in  argon,  weight  loss  rates  were  measured 
in  a  stream  of  uitrogen  in  the  tubular  reactor.  (The  reaction  between  nitrogen  and  carbon  is  com¬ 
paratively  slow  and  was  not  expected  to  lead  to  serious  errors  at  the  high  temperature:.  under  investi¬ 
gation,  particularly  in  view  of  the  high  heat  of  vaporisation  of  carbon). 

The  measured  evaporation  rates  in  nitrogen,  and  the  calculated  vacuum  evaporation  rates  quoted 
for  an  unspecified  carbon  by  Dushman  (20),  are  compared  with  the  weight  losr  rates  in  f02  in  Figs. 

10-12.  The  actual  values  and  the  temperature  dependence  of  the  weight  loss  rates  of  PT.  (edge)  in 
N2  and  VC  in  CO2  agreed  closely  with  the  calculated  evaporation  rates  at  temperatures  well  above 
Tfnaxf  the  rates  for  5890  graphite  in  CO2,  while  showing  a  trend  towards  the  calculated  evaporation 
rates  at  high  temperatures,  were  still  much  higher  in  value  and  less  steeply  dependent  on  temperature. 

Measured  evaporation  rates  in  nitrogen  were  much  lower  tnan  the  calculated  rates,  except  for  (edge) 
where  fairly  close  agreement  was  obtained,  especially  at  the  higher  nitrogen  velocity  of  5500  cm/sec; 
rates  in  nitrogen  were  in  all  cases  much  lower  than  in  CO2,  but  the  1TJ  (edge)  and  u;  results  agreed 
well  with  the  extrapolation  of  vacuum  evaporation  rate  measurement 9  made  on  these  materials  at  2200- 
2600  K  by  U.K.A.E.A.,  Harwell. 

In  discussing  the  significance  of  these  results,  it  is  necessary  first  of  fc.ll  to  consider  the 
reasons  for  the  discrepancy  between  the  calculated  evaporation  rate  curve  and  the  measured  evaporation 
rates  of  VC  and  5890  graphite.  The  agreement  between  the  measured  rates  for  VC  in  nitrogen  and  in 
vacuo  shows  that  the  usual  depression  of  the  evaporation  rate  by  an  inert  gas  is  not  responsible, 
and  it  would  appear  that  the  discrepancy  is  entirely  due  to  the  Dushman  assumption  that  the  conden¬ 
sation  coefficient  •  *  1,  whereas  determinations  of  a  by  the  Knudsen  cell  technique  (21)  have  given 
values  of  the  order  of  0,1,  However,  the  close  agreement  of  the  VO./CO2  and  PG  ( edge )  'Mo  curves  with 
the  calculated  curve  suggests  that  a  may  indeed  approach  1  on  some  carbon  surfaces,  e.g.  a  surface 
undergoing  oxidation  or  the  "edge”  surface  of  PC..  (Unpublished  work  by  I'iefer.dorf  (22)  has  confirmed 
that  the  evaporation  rate  from  the  "edge”  surface  is  higher  than  from  the  basal  plane  surface,  and 
that  the  condensation  coefficient  of  the  "edge"  surface  is  approximately  1.0.  This  result  is  in 
agreement  with  the  present  results  for  evaporation  in  a  nitrogen  stream:  as  ftr  as  is  known,  knrdsen 
cell  measurements  have  not  been  made  on  this  form  of  carbon). 

The  following  explanation  may  therefore  be  proposed  for  the  experimental  results  in  nitrogen 
and  carbon  dioxide  at  temperatures  above  Tmjn.  In  the  first  place,  evaporation  rates  in  nitrogen 
are  expected  to  be  lover  than  in  vacuo;  the  effect  of  an  inert  gas  in  depressing  the  evaporation 
rate  of  a  solid  is  usually  attributed  to  gas-phase  collisions  between  the  evaporating  species  and 
gas  molecules,  resulting  in  the  return  of  some  of  the  former  to  the  surface,  where  (hrv  nviv  condense 
again.  This  effect  will  be  greatest  for  a  static  inert  gas  atmosphere  and  will  becn;v  less  pronoun¬ 
ced  as  the  streaming  velocity  of  the  gas  over  the  surface  increases ,  because  of  the  increasing 
probability  that  vanour  will  be  swept  away  in  the  gas  stream  before  it  can  return  to  the  surface. 

At  high  velocities  it  is  expected  that  the  vapour  concentration  near  the  aurfsre  will  b*  reduced  to 

such  an  extent  that  conditions  become  comparable  to  those  obtaining  in  vacuum  evaporation;  Mi  is  * 

prediction  is  consistent  with  the  results  of  experiments  in  which  the  nitrogen  flov-ra^e  was  /atied 
(see  Fig.  10). 

If  the  gas  is  a  reactive  one,  however,  collisions  of  evapornt.ng  mote  rules  with  gas  molecules 
■ay  recult  in  reaction,  again  reducing  the  vapour  concentration  near  the  surface  to  a  very  l»»v  level. 

Furthermore,  the  occurrence  of  e  surface  reaction  would  he  expected  ;o  disturb  the  bond  structure  nf 
the  surface  t<»  such  an  extent  that  significant  evaporation  rates  could  occur  at  lower  temperatures 
than  in  the  vacuum  or  inert  atmosphere,  and  weight  loss  rates  at  high  temperatures  might  then  exceed 
the  vacuum  evaporation  rates,  as  observed  for  hi  (edge)  <and  5l*o<>  graphite  in  (0*.  It  is  p*  •  ible 
that  the  rate  of  the  svface  reaction  may  also  be  increased  in  a  similar  way,  as  a  result  of  enhance¬ 
ment  of  the  surface  reactivity  by  ths  formation  of  free  valencies  as  some  of  the  surface  carbon  atoms 
are  tvapo rated. 

Support  for  the  suggestion  that  evaporation  of  carbon  makes  an  important  contribution  to  the 
kinetics  of  earbon-ges  reactions  at  high  temperatures  has  been  obtained  from  two  other  recent  investi¬ 
gations  (23,  24,  l«i).  Work  by  Valsh  v t  a l  (21,24)  has  shown  that  above  about  3000  K  there  is 

some  correlation  between  the  weight  loss  rates  nf  Hi  (basal)  in  inert  »*ut  oxidising  gases.  Fates  in 
argon  were  only  about  hair  those  expected  for  01  *  0,07  (as  found  by  Burns  m  al  (21)  ror  the  basal 
plane  e*  *face)|  this  is  probably  because  the  argon  velocity  (2700  cm  sec )  used  by  kalsh  was  too  low 
to  pr  ent  some  build-up  of  carbon  vapour  near  the  surface.  In  carbon  dioxide,  weight  luss  rates 
were  higher  than  evaporation  rates  calculated  for  Qt  -  0,07  but  shoved  the  same  very  sleep  leapt ra- 
ture  dependence.  The  authors  suggested  two  possible  explane tione  of  the  enhanced  rates  in  i’O^i 

(a)  Napid  removal  of  evaporating  carbon  by  gas-phass  reaction  with  (3)2  sy  lead  to  an  increase 
in  the  concentration  gradient  of  carbon  vapour  mid  hence  of  the  evaporation  rate.  This  suggestion 
cannot  account  for  the  high  weight  loss  rates  of  ITi  (edge)  in  the  present  work,  which  exceed  (ty  a 
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factor  of  about  5)  the  experimental  evaporation  rates  srri  those  calculated  for  01  =  1  (see  Fig.  10). 

(b)  Alternatively,  Valsh  suggests,  the  higher  veight  loss  rates  in  CO2  siay  correspond  to  a 
simple  summation  of  the  surface  reaction  rate  and  the  evaporation  rate.  Results  obtained  in  the 
present  investigation  show  that  the  simulation  of  measured  evaporation  rates  and  surface  reaction 
rates  obtained  by  extrapolation  of  the  straight-line  portion  of  the  Arrhenius  plot  at  temperatures 
betveen  Tmax  and  Tmjn  to  higher  temperatures,  yields  calculated  veight  loss  rates  which  are  much 
smaller  than  the  observed  rates  in  Ct>2!  this  consideration  also  applies  to  the  data  obtained  by 
Valsh  et  al  themselves.  It  is  therefore  necessary  to  assume  either  that  the  evaporation  and  surface 
reaction  rates  are  subject  to  mutual  enhancaaent  as  suggested  above,  or  that  a  minimum  occurs  in  the 
surface  reaction  rate  (due,  for  example,  to  a  "surface  annealing"  effect  of  the  type  postulated  by 
Stri ckland-Cons table  (2,6)  and  others  (25, 26))  and  that  extrapolation  of  the  rates  observed  belov 
Tmin  to  higher  temperatures  is  not  justified.  The  evidence  at  present  available  is  insufficient  to 
enable  a  choice  to  be  made  betveen  these  two  possibilities!  hovever,  the  decrease  in  the  order  of 
reaction  above  Tmi„,  at  temperatures  where  the  normal  evaporation  rate  of  PG  is  still  an  order  of 
magnitude  less  than  the  veight  loss  rate  in  CO2,  is  apparently  at  conflict  with  the  Strlckland- 
Constablc  theory,  vhich  predicts  a  first  order  reaction  at  these  temperatures. 

KINETICS  AT  TEMTCRATimES  BELOV  Tfflin.  Duval  (25),  Stri ckland-Cons table  (2,6)  and  Blyholder, 
Hinford  and  Eynng  (26),  have  put  forward  theories  based  on  "annealing"  of  active  sites  on  the  sur¬ 
face  to  explain  the  observed  decrease  in  reaction  rate  with  temperature  over  part  of  the  temperature 
range  studied.  The  last-mentioned  authors  developed  a  mathematical  treatment  capable  of  explaining 
the  general  shape  of  the  rate /temperature  curves  obtained  by  previous  workers,  but  quantitative 
agreement  vih  the  experimental  results  was  not  good)  better  agreement  has  since  been  obtained  by 
Strickland-Constable  (1),  who  has  found  one  rate  equation  applicable  to  his  experimental  results  fjus 
the  oxygen-carbon  reaction  over  a  vide  range  of  pressures.  However,  rate  maxima  have  been  observed 
in  a  large  number  of  othor  gas-solid  reactions  and  attributed  to  entirely  different  mechanisms.  In 
the  cases  of  the  oxidation  of  tungsten  (27-30),  tantalum  (31)  and  niobium  (32,33)  the  effect  has 
been  explained  either  by  the  formation  of  a  protective  skin  of  oxide,  the  permeability  of  vhich 
varies  with  temperature  as  a  result  of  phase  transitions,  or  by  a  mechanism  involving  dissociation 
of  an  oxide  at  high  temperatures  followed  by  desorption  of  molecular  or  atomic  oxygen.  The  latter 
type  of  mechanism  has  also  been  proposed  to  explain  gate  maxima  in  nickel-halogen  reactions  (34)  and 
in  the  nickel-carbon  monoxide  reaction  (35)  at  0-120  C,  at  vhich  temperatures  self-migration  as 
postulated  by  Duval  and  Strickland-Constable  for  the  carbon  case  is  not  likely  to  occur  on  nickel  to 
any  significant  extent. 

The  oxide  dissociation  mechanism  may  be  applicable  to  the  gaseous  oxidation  of  carbon  only  if 
oxygen  atoms  or  molecules  can  be  desorbed  as  such  from  carbon  surfaces  at  high  temperatures.  It  is 
generally  assumed  that  oxygen  can  be  desorbed  only  as  rxidea  of  carbon,  but  the  experimental  evidence 
is  based  on  the  results  of  desorption  at  high  temperatures  after  adsorption  at  low  temperatures,  and 
may  not  be  valid  for  a  dynamic  adsorption-desorption  process  at  high  tempsraturss.  One  poeeibillty, 
again  involving  the  concept  of  surface  heterogeneity,  is  that  reaction  cannot  occur  at  every  adsorp¬ 
tion  site,  but  that  adsorbed  species  must  migrate  to  a  certain  type  of  active  site  for  diesocistion 
or  reaction  to  occur,  and  may  be  desorbed  before  reaching  such  a  site. 

Tsu  and  Houdart  (37)  have  shown  that  this  type  of  mechanism,  originally  proposed  by  them  to 
explain  their  results  on  the  dissociation  of  hydrogen  on  glass,  could  lead  to  a  negative  apparent 
activation  energy  over  a  limited  temperature  range  in  certain  heterogeneous  reactions, 

ilthough  the  occurrence  of  similar  abnormalities  in  the  rate-temperature  curves  for  different 
reactions  is  not  necessarily  indicative  of  similar  reaction  mechanisms,  there  would  appear  to  be 
scope  for  mass-spectroscopic  studies  of  the  gaseous  oxidation  of  carbon  st  high  temperatures,  along 
the  lines  already  pursued  by  Schissel  and  Trulson  (27)  for  the  tungsten  case;  their  results  establi¬ 
shed  that  large  amounts  of  atomic  oxygen  vere  desorbed  at  temperatures  above  about  2100  K,  and  a 
mechanism  involving  this  desorption  was  shown  to  account  for  the  observed  reaction  rate, 

A  further  possibility  is  that  a  decrease  in  reaction  rate  with  increase  in  temperature  may  be 
a  direct  result  of  a  change  in  some  parameter  such  as  sticking  probability  or  residence  time  of  an 
adsorbed  molecule  on  the  surface.  The  residence  time  and  concentration  of  an  ds orbed  species 
decreases  with  incroaso  in  temperature,  but  this  effect  would  be  insufficient  to  account  for  the 
rather  steep  drop  in  reactivity  observed  unless  the  heat  of  adsorption  is  of  the  order  of  tens  of 
kilocalories  por  mole.  Measured  heats  of  adsorption  of,  carbon  dioxide  on  carbon  at  room  temperature 
are  low  (5-8  kcal/mole),  but  the  possibility  of  a  transition  to  higher  energy  adsorption,  as  for  the 
oxygen-carbon  system  but  at  much  higher  temperatures,  c&nnot  at  present  be  discounted. 

■STEAM  REACTION 


Since  the  calculated  concentration  of  water  vapour  in  solid-propellant  exhausts  may  be  as  high 
as  40?S  by  volume,  i.e.  several  times  the  carbon  dioxide  concentration,  and  since  the  rate  of  the 
Bteam-carbon  reaction  at  lower  temperatures  has  been  reported  to  be  greater  than  ihat  of  the  CO2- 
carbon  reaction  (38),  information  oqj team-carbon  reaction  kinetics  in  cpnditions  similar  to  those 
obtaining  in  a  rocket  nozzle  is  essential  to  any  investigation  of  the  factors  affecting  the  chemical 
corrosion  of  the  nozzle.  An  experimental  investigation  of  ihe  effects  of  carbon  type,  surface  tem¬ 
perature  and  (to  a  limited  extent)  pressure  has  therefore  been  made. 

APPARATUS,  Steam  was  supplied  via  a  lj"  galvanised  steel  pipeline  from  a  Clayton  steam  genera¬ 
tor.  The  flow  rate  was  controlled  by  a  Drayton  pneumatic  valve  and  "Dialset"  controller,  and 
measured  by  a  Kent  orifice  meter  with  a  circular  chart  recorder.  Steam  pressures  in  the  pipeline 
and  the  impingement  reactor  were  also  recorded  continuously.  The  final  soction  of  the  pipeline, 
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between  the  control  valve  and  the  reactor,  incorporated  a  solenoid  valve  system  to  permit  rapid 
changeover  from  nitrogen  to  steam  and  vice-versa,  and  vas  surrounded  by  heating  tapes  and  pre-formed 
fibreglass  lagging  to  prevent  condensation.  As  an  additional  precaution,  a  heated  sintered  stain¬ 
less  steel  filter  unit  vas  fitted  to  the  reactor  inlat,  to  remove  any  condensate  aroplets  and  entrained 
particles  from  the  steam.  The  general  layout  of  the  system  is  shown  in  Fig.  lh. 

As  already  mentioned,  the  jet  velocities  used  in  this  work  were  in  the  ratge  0. 5-1.0  of  sonic 
velocity)  these  velocities  appear  to  be  the  highest  so  far  used  for  the  investigation  of  carbon-gas 
reactions,  and  probably  represent  the  closest  approximation  yet  to  rocket  nozzle  conditions.  The 
observation  that,  despite  these  high  velocities,  the  highest  erosion  rates  measured  were  still 
apparently  subject  to  diffusion  control  emphasises  the  e ttreme  difficulty  of  measuring  true  chemical 
rates  for  these  reactions  at  high  temperatures  and  pressures. 

Recession  rates  were  measured,  as  previously  described,  at  various  tsmperstures  in  the  range 
1800-3000  K)  radiation  from  the  specimen  vai  insufficient  for  satisfactory  operation  of  the  diode 
detector  below  ebout  2000°K  so  erosion  rates  at  lover  temperatures  vere  measured  by  the  visual 
(stop-watch)  technique  previously  deecritcd.  For  comparison  with  the  earlier  carbon  dioxide  work, 
baaed  on  weight  losaea,  recession  retea  were  converted  into  specific  reaction  rates  by  multiplying 
by  the  density  of  the  carbon  concerned  (1,48  for  VC,  1,85  for  5890,  2.20  for  PG). 

Attempts  to  measure  erosion  rates  for  PC  by  the  use  of  square-section  rods,  6.0  x  0.3  x  0.3  cm 

(cut  from  a  flat  plate  so  that  the  long  aide  ley  along  the  a  -  axis  of  the  material,  thus  exposing 

two  "basal"  and  two  "edge"  aurraces,  each  6,0  x  0,3  cm)  vere  unsuccessful:  in  ell  cases,  whether  the 
steam  jet  was  made  to  impinge  cn  the  "basal"  or  the  "edge"  surface,  the  latter  oxidised  more  rapidly 
and  led  to  failure  of  the  specimen  before  any  measurable  receeaion  had  occurred  on  the  projected 
image  of  the  specimen.  Detailed  examination  of  the  specimens  after  reaction  shoved  that  the  recession 
rate  on  the  "edge"  surface  varied  shaTply  with  distance  from  the  two  "basal"  surfaces,  the  edges  of 
thess  surfaces  being  virtually  unattached.  The  shape  of  the  oxidation  crater  thus  formed  vas  as 
illustrated  in  Pig.  19,  i.e.  roughly  a  segment  of  an  ellipsoid  with  the  major,  axis  up  to  6-7  times 
the  minor  axis)  th-  depth  of  the  crater  was  at  a  maximum  of  0.1-0,15  cm  near'  the  centre  of  the  reac¬ 
ting  surface,  and  fell  to  zero  near  the  edge  AA  (Fig.  19).  This  phenomenon  vas  eventually  attributed 

to  a  sharp  drop  in  temperature  near  the  edge  of  the  "edge"  surface,  due  presumably  to  the  loss  of 

heat  by  radiation  from  the  "basal”  surface  and  the  low  thermel  conductivity  of  PG  in  th«  c_  -  direc¬ 
tion.  The  temperature  gradient  vas  not  detectable  with  an  ordinary  disappearing  filament  pyrometer, 
but  vas  discovered  by  means  of  a  micro-pyrometer  giving  much  higher  image  magnifications. 

Further  PG  work  vas  therefore  carried  out  with  hollow  cylindrical  specimens  in  which  the  curved 
surface  was  entirely  "edge”.  These  were  prepared  by  machining  1.25  cm  thick  platas  into  cylinders, 

1.25  cm  long  x  0.6  cm.  o.d,  x  0,35  cm  i.d.,  wi  ch  the  exie  of  the  cylinder  parellel  to  the  c-axis  of 
the  material)  surface  debris  vss  removed  by  ultrasonic  washing  in  distilled  water  and  drying  in  an 
oven  before  use.  Experiments  with  the  0,025  cm  thick  cylinders  with  the  curved  surface  entirely 
"basal"  were  unsuccessful,  even  at  only  18  p.s.i.a.  steam  pressure,  because  of  the  high  erosion 
rates  outside  the  impingement  erea  (as  for  high  pressure  COg,  previously  discussed'. 

Results  obtained  for  one  batch  of  PG  (edge  and  three  batches  each  of  5890  graphite  and  VC,  in 
steam  at  19.0  p.s.i.a.  total  prsasurs,  are  shown  in  Fig.  20.  Tht  msin  conclusions  to  bs  drawn  from 
the  vork  are  as  follows i 

Activation  energies  in  the  range  2000-2500°K  are  high  for  VC  and  PG  (edge), «- 55  kca^/molr  and 
~60  kcal/mole  respectively.  The  slope  of  the  Arrhenius  eurvt  for  VC  Jscreasss  sbovs  2500°!;,  while 
that  for  PG  (edge)  becomes  negative.  Diffusion  control  and  skin  re-orientation  effects  may  both 
play  a  part  in  these  changes  of  slope)  ss  Fig,  8  shove,  the  VC  reaction  rate  is  markedly  more  depen¬ 
dent  on  velocity  end  less  reproducible  at  about  this  temperature)  moreover,  examination  of  PG  (edge) 
specimens  reacted  at  about  2700  K  revealed  the  presence  of  surface  skins  similar  in  appearance  to 
those  previously  reported  (19),  which  might  be  expected  to  exhibit  reduced  reactivity  by  virtue  of 
the  high  degree  of  orientation  of  basal  planes  parallel  to  the  surface. 

The  reactivities,  as  well  as  tht  activation  energies,  of  FG  (edge)  and  VC  are  comparable  in 
the  temperature  range  studied.  However,  5890  graphite  exhibited  much  higher  reaction  rates  and  a 
much  lower  activation  energy,  probably  due  to  the  kinetic  importance  of  physical  effects  such  as 
boundary  layer  diffusion,  penetration  of  the  pore  structure  and  mechanical  erotion. 

Boundary  layer  diffusion  effects  are  ejected  to  be  significant  throughout  the  temperature 
range  studied  fv  th  is  graphite,  since  even  at  the  lovegt  temperatures  (1650-1700  K)  the  erosion  rates 
obeeived  vere  approximately  the  tame  at  for  VC  at  2470  K,  where  the  rate  vas  shown  to  increase  with 
jet  velocity  up  to  and  beyond  sonic  velocity. 

Evidence  for  both  pore  penetration  and  eeehanieal  erosion  vas  obtained  by  visual  examination 
of  the  projected  Imago  of  the  specimen  during  oxidation  in  steam)  the  surface  vas  ssen  to  become 
non-uniform  in  eppeerence,  with  petchoe  of  apparently  cooler  (l.e.  darker)  materiel  forming  and  then 
suddenly  disappearing,  as  though  carrisd  away  each-  ically  in  the  gee  stream.  Further  investigation 
of  this  effect  revealed  that  at  the  lowest  temperature  weight  loseea  occurred  without  any  visible 
regression  of  tho  surface,  over  e  period  of  a  minute  or  mo  re.  Very  rapid  regression  then  occurred, 
apparently  due  to  mechsnical  breakdown  of  a  thin  akin  of  unrsaetsd  gnphitet  if  tho  roaction  voro 
stopped  at  this  stage,  i.e.  before  all  of  the  surface  skin  had  been  removed,  it  was  found  that 
oxidation  had  boon  proceeding  internally  to  fora  a  cavity  below  this  un reacted  skin.  As  the  reaction 
temperature  was  increased,  the  apparent  "induction  perlod"o(during  which  weigh!  loseea  occurred 
without  surface  regression)  decreased,  free  65  sec  at  1660  K  to  2  sec.  nt  2220°K.  At  higher  tempera¬ 
tures,  the  effect  vas  too  rapid  to  follow  visually,  but  temperature  fluctuations  still  occurred  as  a 
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remit  of  surface  "sealing"  followed  by  mechanical  loss  of  "seals"  to  reveal  an  underlying,  appa¬ 
rently  much  hotter,  surface. 

It  vould  appear,  therefore,  that  eren  at  Ihe  very  high  jet  velocities  used  in  this  vork, 
chemical  reaction  rates  could  not  be  measured  for  the  5890/H20  system  because  of  the  occurrence  of 
the  physical  effects  described.  It  should  be  emphasised  that  despite  thir  limitation,  which  also 
applies  to  the  results  for  PC  (edge)  and  VC  above  2500  s,  the  highest  reaction  rates  observed  were 
much  higher  than  those  occurring  in  actual  rocket  motor  tests.  For  5890  graphite,  for  example,  the 
highest  specific  reaction  rate  (  1.25  g/cm2  min)  corresponded  to  t.  surface  recession  rata  of  about 
130  mils/sec.  roughly  two  orders  of  magnitude  higher  than  ihe  average  rates  observed  in  motor  tests. 
Various  factors  may  contribute  towards  this  discrepancy! 

1.  Recent  theoretical  and  experimental  vork  has  shown  mat  surface  temperatures  at  tne  throat 
are  much  lover,  especially  in  the  early  stages  of  a  firing,  than  the  highest  temperatures 
used  in  the  kinetics  experiments  reported  above. 

2.  The  reaction  rate  due  to  steam  in  ihe  exhaust  may  be  subjtct  to  diffusion  effects  and  also  to 
chemical  retardation  by  other  gases  present!  a  small  amount  of  vork  os  CO2/H2O  mixtures,  for 
example,  has  indicated  that  reaction  rates  in  such  mixtures  are  lees  than  the  sum  of  the  rates 
due  to  the  individual  partial  pressures  of  CO2  and  lijO. 

3.  Rates  measured  in  the  impingement  reactor  may,  as  a  result  of  the  differences  in  geometry, 
include  a  larger  contribution  from  mechanical  erosion  than  in  the  rocket  motor  tests. 

ORDER  OF  REACTION .  In  view  of  the  very  high  reactivity  of  5890  graphite  and  the  thin  wall  of 
PC  (basal)  specimens,  both  of  which  led  to  premature  "burn-out"  of  specimens  in  high  pressure  steam, 
the  limited  time  available  for  this  stage  of  the  work  was  devoted  almost  entirely  to  investigation 
of  the  reactivity  of  PG  (edge)  specimens  at  pressures  up  to  40-50  p.s.i.a.  Graphs  of  log#  versus 
log  p  for  three  different  temperatures  in  the  range  investigated  are  shown  in  Fig.  21. 

At  the  lowest  temperature,  2071°K ,  the  order  of  reaction  was  close  to  1.0;  however,  at  2234°K 
only  a  small  proportion  of  the  experimental  points  could  be  fittad  to  a  straight  lint  of  slope  1.0 
while  a  much  largar  proportion  fell  close  to  a  line  of  elope  2.0.  This,  together  with  the  observa¬ 
tion  that  pronounced  local  variations  in  reaction  rate  occurred  over  the  surface,  with  the  foreation 
of  crevasses  of  depth  approximately  equal  to  the  meen  surface  recess'. on,  suggests  that  two  different 
types  of  reacting  cite  are  present  and  that  one  is  associated  with  e  firet  order  reaetior  and  the 
other  with  second  order.  Two  different  types  of  sit#  ere,  of  course,  to  be  expected  for  the  "edge" 
surface  of  a  uu-boatrstic  carbon,  or  one  with  a  high  dagree  of  mis-orientation  between  layer  planes 
(as  is  usual  with  "as  deposited"  PG)|  moreover,  Thomas  (39)  has  reported  slightly  different  reac¬ 
tivities  and  orders  of  reaction  for  the  two  "edge”  directions  in  reactions  with  oxygen  at  compara¬ 
tively  low  temperature s . 

The  preponderance  of  the  first  order  reaction  at  lower  temperatures,  and  of  aacond  order  at 
higher  temperatures,  may  be  explained  by  a  difference  in  activation  energies!  however,  further 
investigation  of  the  reaction  mechanisms  is  necessary  before  this  suggestion  can  be  confirmed.  The 
decrease  in  the  order  at  the  highest  temperatures  may  be  due  to  one  or  more  of  the  following  offectei 

(i)  Re-orientation,  yielding  a  "basal  plane"  surfece  skin 

(ii)  Evaporation  of  carbon 

(iii)  Diffusion  control 

OXIGEN  REACTION' 

Ir.  view  of  the  high  rate  and  exotheimicity  of  the  carbon-oxygen  reaction,  and  the  low  concen¬ 
trations  of  oxygen  present  in  solid  propellant  exhausts,  the  reaction  wee  studied  in  oxygen-argon 
mixtures  containing  0.4-10,0^  03.  Heaetion  rates  were  aeaeured  for  EG  (edge),  VC  and  5890  graphite 
in  the  tubular  reactor  at  16  p.a.i.a.  pressure  and  at  aurfaea  temperatures  of  1500-3000  K.  with  s 
gas  velocity  of  3000  en/»ec.  Subsequent  experiments  in  the  impingement  reactor  e‘  surface  tempera¬ 
tures  near  T«ax  and  gas  velocities  of  1400*1500  cm/sec  gave  rates  which  were  2-4  virno*  as  high, 
suggesting  that  the  tubular  reactor  results  were  not  entirely  free  from  diffusion  control)  the 
results  are  threfore  not  reproduced  in  detail  here,  but  the  general  conclusions  are  still  valid  and 
smy  ha  summarised  as  fellows! 

(i)  O2  is  typically  only  one  order  of  magnitude  more  reactive  than  <"0 2  at  these  high  tempera* 
turea,  compared  with  five  orders  at  1093  K  and  0,1  atm.  (38). 

(ii)  Since  a  non-aluminised  propellant  exhaust  contain  approximately  1000  times  more  COo  and 
5000  times  more  H2O  than  O2,  the  contribution  of  O2  to  the  n-orall  erosion  ret#  mey  be  neglected. 
Indeed,  diffusion  control  is  likely  to  be  «ven  more  pronounced  in  the  nosr.le  than  in  the  tubular 
reactor  experiments  because  of  the  very  lov  concentration  of  Og  in  the  exhaust  (  O.Ol*),  thus 
reinforcing  this  conclusion, 

(iii)  Erosion  by  atomic  oqrgen,  if  in  the  chemical  remism.  would  be  more  important!  Rosner  and 
Allendorf  (40)  have  shown  that,  at  1800— 2000UK  (the  highest  temperatures  » t*rU’l  in  their  work)  end 
at  pressure#  of  the  order  of  10*2  to rr,  atomic  o^vgen  is  30-60  times  more  resetive  than  molecular 
oxygen.  If  this  reactivity  ratio  is  maintained  at  high  praasures,  ihe  contribution  of  atomic  oxygen 
to  the  nossle  erosion  rate  might  become  eompareble  with  that  of  CO2,  since  eren  a  non-aluminised 
propellant  may  contain  approximately  0,005^  0,  Movever,  as  with  O2,  the  reaction  rate  will  almost 
certainly  be  limited  by  diffusion,  the  rate  of  which  will  be  very  lov  as  a  result  of  the  lov  concen¬ 
tration  gradient! 
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Diffusion  rate 


D 

i 


(c  -c  ) 

9  V 


where  D  =  diffusion  coefficient 

6  =  boundary  layer  thickness 


Since  c,  is  very  snail, 
very  small . 


the  value  of 


ce  and  cv  =  concentrations  in  bulk  and 
respectively. 


(and  therefore  the  diffusion  rate) 


at  wall. 


will  also  be 


Direct  confirmation  of  these  predictions  by  reacting  carbons  vith  an  inert  gas  containing 
appropriate  concentrations  of  atomic  oxygen,  at  high  total  pressures,  would  be  extremely  difficult 
in  practice  because  of  the  high  recombination  rates)  however,  an  approximate  measure  of  the  relative 
reactivity  of  atomic  and  molecular  oxygen  under  such  conditions  might  be  obtained  by  pre-heating  an 
argon-oxygen  mixture  to  a  temperature  at  which  the  degree  of  dissociation  of  the  molecular  oxygen 
was  sufficient  to  produce  an  equilibrium  concentration  of  (say)  a  few  percent  of  oxygen  atoms.  The 
latter  concentration  could  be  varied  by  changing  the  pre-heat  temperature,  the  total  pressure,  or 
the  partial  pressure  of  argon.  Such  experiments  have  not  yet  been  carried  out,  although  feasibility 
studies  of  a  gas  pre-heater  based  on  an  argon  plasca  torch  have  been  reported  (9). 
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REACTANT  CAS)  1TO  PRESSURE  GAUGE 


reactor:  -taosphrrir  pressure  Fig. 2  Tubular  reactor:  high  pressure 


Kiff.8  Variation  of  specific  reaction  rate  with  flow  rate:  vitreous  carbon  in  steam 
(corrected  to  16  p. s.i.  assuming  order  of  reaction  -  1.0) 


,W\* ******  x'+  V*  O*  ^  x+  T* _ * 


BHHnilUHIilHiyilllHIIMIIIIIVHIHIII 

^^■iBBBBBBBBBBBBBiBBBBBBBBBBBBBBBBBBBBB 

^■BBBBBBBBBBBBBBfiBBiBBBBBBBBBBBBBBflBBB 

■SlIlllIBBIIIIIIBIIliniHIIBIIIIIIllI 

blUBilgBBBBMHii 
SSSf*  -  bbbbbbbbi 
av  i  »■■■■■■■! 


mmmmwr.dm 

ibSSbbbbH 


1BBBBBBBBBBBB 

MBBBBBBBBBBB 


|■■■■■L^nBBfliBBBBBBBBBBBBBBBBBBBBBBBBBBi^BBB 

Issss^sssssassisssBssssassssssssffis 

Raaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

iimiMniiiiBiBimiiiiifliuBiiiiiiiHii 

|BBBBBBfc'BMBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

iBBBBBBBBiBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

iBBBBBBBBllflBiBBBBBBBBBBBBBBBBBBBBBBSBflBB 

iBBflBBBflBBllBBBBBBBBBflBBflBBBBBBBBBBBBBBBBIE 

Ibbbbbbbbbiwbbbbbbbbbbhbbbbbbbbbbbbbbbbbbb 

Ibbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb 

IflBBBBBBBfliiBBBBBBBBBBBBBBBBBBBflBBBBBBBBB 

IbbbbbbbbbbijbbbbbbbbbbbBbbbbbbbbbbbbbbbbb 

Ibbbbbbbbbbwbbbbbbbbbbbbbbbbbbbbbbbbbbbbe 

IBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBiiigBBl 

|BBBBBBBBBBBifei™rTrrWfI?fTra«BBBBBBBBBBBBiBB 


iBBBHBflBBBBBBflVI 

BBBBBBBBBBBBB1 


Variation  of  *j»orifir  roat'tion  ratr  with  mirfarc  temperature  for  six  batrhea  of 
pyrolytic  graphite  (edge  xurfnre)  in  (X)  at  16.0  |i. n .  i .  absolute  pmunirr 


I  mm  ma  ft  at  mt»1 
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Vr rial  ion  of  ip^  ifir  reaction  rat#  »ith  aurfarr  l#ap#ratur#  for  four  bfttrhra  of 
vit:oav»  rarhon  in  at  Jfc.O  p.*.*  ahxolutr  prnaurn 


U|vr(ri«  ailt/m) 


lNMf  (fin  »  /**  rai») 
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Fig. 13  Variation  of  specific  reaction  rate  with  surface  temperature:  PG  (edge)  in 

COj  at  16.0  -  45.0  p.s.i.a. 
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Fig  14  nrd*»r  graph  for  Hi  trdg*)  in  ti). 


■uh/Mcl 


29-21 


■» 


(  511  /  l|l«  I)  J  )  J  °**0-| 


(  »•  ft/  *  «  i »  J 


Fig. IS  Variation  of  specific  reaction  rate  with  surface  teaperature:  5690  graphite  in  C0?  at  16.0  -  43.0  p- 

(tnpingeaent  reactor,  jet  velocity  >  10,000  ra./sec.) 
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Variation  of  specific  reaction  rate  with  surface  temperature  for  PG  (edge),  5890  graphite  and  VC  in 

steam  at  19  p.s.i.a. 
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APPENDIX  1 

EMISSIVITT  CORRECTION  TO  TEMPERATURE  MEASUREMENT 
ON  REACTING  SURFACE 

In  order  to  make  a  reasonably  accurate  assessment  of  the  reflected  component  of  the  total 
emission  from  the  target  area,  which  is  approximately  half-way  down  the  j aside  surface  of  the  tubu¬ 
lar  specimen,  it  is  necessary  to  integrate  the  contribution  from  all  elements  of  a  total  solid  angle 
of  IT  ,  making  due  allowance  for  the  variation  of  temperature  with  distance, 

FIG.  22 


Consider  an  element  of  area  dA  situated  a  distance  t  from  a  point  target  P  on  the  inside  surface 
of  a  hollow  cylinder  (Fig.  22a).  Let  the  displacement  of  dA  from  P  along  the  length  of  the  cylinder 
be  yt  let  the  angle  between  the  lines  L  and  y  at  the  point  P  be  9  and  let  the  third  side  of  the 
triangle  so  formed  be  X  . 


From  Fig.  22b,  X1*  2a% cct  i6)  a  tya.* 

From  Fig.  22a,  JLl  «  e  a  jjX+2o.X  (l-  act 

0  .  *4*1*© 


Now  dA  =  x  , d&,  •  v./  so  the  subtended  area  normal  to  the  line  and  therefore  'seen'  by  P 

The  solid  angle  subtended  by  dA  at  P  is  therefore  X  cc*d  .Jto.aU 

~  * 

Bat  coif  *  •  2.0.  (,rot  equation  2) 

And  2a  Ai*.  &  (from  equation  1) 


Therefore  solid  angle  subtended  by  dA  at  P  = 

Nov  the  total  energy  emitted  from  the  area  dA  = 
Stefan's  constant. 


U.  Q^ierv*  &■  ci&.  aly 

ed,T^Avh*r*  T  ~  temperature  of  dA,  o'  « 


.*.  Total  energy  received  per  unit  area  at  P  from  all  elements  dA  (by  direct  emission  only, 


i.e.  neglecting  energy  reflected  by  dA) 


J-eC  K 


.*.  Reflected  energy  per  unit  area  from  P  «  )  f*  [  ^  4G  ■ 

^  o  (m 

£  ■  emisalvity  at  point  P  (»  0.5  for  vitreous  carbon).  ' 


vhere  6^-  emisalvity  at  point  P  (»  0.5  for  vitreous  carbon). 
Emitted  energy  per  unit  area  from  P  » 


apparent  tesiperalure  at  P 


total  energy  per  unit  area 


Stefan's  constant 


In  order  to  solve  equation  3  for  Tp,  the  integral  snist  be  evaluatedi  this  nay  be  done  nuswri- 
cally  by  a  computer  if  T  and  9  are  expressed  as  functions  of  y.  From  empirical  observations,  it 
appears  rsasonable  to  assume  as  a  first  approxiMtion  that  the  specimen  and  both  guard  rings  are  at 
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a  uniform  temperature  Tpi  that  the  surroundings  (above  and  below  the  sheath)  are  at  293°K  (effec¬ 
tively  zero)  and  that  the  temperature  of  the  graphite  sheath  varies  linearly  from  Tp  at  the  lower 
guard  ring  to  500  K  at  the  lower  end  of  the  sheath.  Calculations  have  shown  that  even  if  this  tem¬ 
perature  were  in  fact  1000°K  the  error  in  the  corrected  specimen  temperature  would  be  only  1°K, 
Emissivity  values  may  be  assumed  to  be  1.00  for  the  cold  surroundings,  0.90  for  vitreous  carbon  and 
0.93  for  graphite.  The  variations  of  T  and  £  with  y  are  illustrated  belov  (Pig.  23). 

PIG.  23 


GUARD  KINS 
SPECIMEN 


c  “0-9J 


500*  K 


Results  of  the  computation  showed  that  the  effective  emissivity  halfway  down  the  specimen,  ® 

L  Ttff'lTf*)  was  only  very  slightly  dependent  on  the  temperature  and  length  of  the  specimen,  and  that 
the  difference  between  the  effective  emissivity  and  the  actual  emissivity  (S^-C)  was  so  small  that 
second  order  and  higher  reflections  could  be  neglected. 


To  allow  for  the  reflection  ^f  energy  by  the  quartz  window,  including  multiple  reflections,  it 
may  be  shown  that  the  values  of  6  obtained  by  the  above  treatment  must  be  multiplied  by  T  •  ll-CC^ 
where  0 1  a  /*■-!  (^t=  refractive  index).  For  quartz,  yt*  -  1.54  and  sc  T  =  0.9135.  * l-Mt.* 

The  values  taken  for  the  actual  emissivities  of  the  four  carbons  studied  were  based  on  measure¬ 
ments  made  by  Land  Pyrometers  Ltd.  The  method  used  (comparison  of  the  energy  reflected  from  tne 
specimen  in  a  black  body  furnace  with  the  energy  emitted  from  the  furnace  itself)  neglects  any  varia¬ 
tion  of  spectral  emissivity  with  specimen  temperatures;  however,  such  variations  are  reported  to  be 
small  and  it  was  considered  preferable  to  use  this  data,  obtained  by  measurements  on  actual  specimens 
oxidised  at  various  temperatures  within  the  range  of  interest,  rather  than  rely  on  the  scanty 
published  data  on  the  particular  carbons  being  studied.  (A  recent  review  of  the  emissivities  of 
carbons  (41 )  leads  to  the  conclusion  that  the  most  reliable  data  are  likely  to  be  obtained  by  the 
technique  of  Null  and  Lozier(42-3) , but  the  apparatus  used  is  somewhat  complex  and  the  work  involved 
in  making  emissivity  measurements  by  this  method  could  not  be  incorporated  into  the  kinetics  programme). 

Emissivity  values  used  throughout  this  paper,  for  the  correction  of  measured  (apparent)  tempera¬ 
tures  to  "true"  surface  temperatures,  are  listed  belov; 


CARBON  TYPE 
VC 

PC  (edge) 

PG  (basal) 
5890 


FOR  UNOXIDISED 
CARBON 

0.91 

0.94 

0.70 

0.93 


FOR  OXIDISED 
CARBON 

0.90 

0.945 


0.64  +  4  x  10 
0.93 
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app 


•T  s  temperature  (  K)  of  oxidation  (in  COj  at  16.0  p.s.i.a.). 
IMPINGEMENT  REACTOR 


Emissivity  and  reflectivity  corrections  for  this  reactor  were  simpler  than  for  the  tubular 
reactor,  tho  true  temperature  being  given  by 

T  4 

T4  .  .  AE£- 

"  0.9135 
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SUMMARY 


Tree  shape  optical  phenomena  erupting  from  the  anode  of  high  density  nanosecond 
spark  discharges  were  studied  by  means  of  time  resolved  photography  and  identified 
by  spectroscopy  as  explosive  erosion  jets  of  electrode  material.  Observations  with 
different  electrode  materials  and  alterations  of  current  density  and  duration  of 
current  flow  established  conditions  for  the  existence  of  the  jets.  Current  densities 
larger  10°  A/cm/  were  required. 

The  mechanism  explaining  this  explosive  anode  erosion  is  derived  from  comparison 
of  the  different  electrode  materials.  It  .'s  understood  that  the  effect  is  produced 
by  a  thin-layer  melting  and  evaporation  of  the  spot  area  of  the  anode.  Thus  materials 
with  a  low  melting  point  and  low  heat  and  electric  conductivity  favor  the  existence 
of  directed  erosioni jets. 
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PROBLEM 

Tree  3hape  optical  phenomena  had  been  photographed  arising  from  the  copper  anode 
of  a  high  density  20-nanosecond  spark  and  were  identified  tentitatively  (1)  being 
jets  of  the  anode  material  as  the  result  of  a  directed  explosion. 

Spectrally,  however  anode  material  could  not  be  identified.  It  was  assumed  that  the 
discharge  was  too  shortlived  in  time  in  order  to  allow  thermalisation  and  spectral 
excitation  of  the  copper  vapor.  The  tree  shape  structure  appeared  aprox  25  ns  after 
the  spark  current  had  ceased.  Noteworthy  wa3  that  the  "jets"  were  extraordinary 
stable  and  reproduceable  as  well  in  shape  and  location  as  also  in  the  time  of 
appearance . 

Figure  1  shows  the  development  of  the  spark  channel  and  the  appearance  of  the  anode 
"jet"  as  a  function  of  time  in  a  20-nanosecond  spark  of  aprox  4000  A  in  1  atm  air, 
gap  was  0,85  mm,  breakdown  voltage  =  4,3  kV,  capacity  3,6  nF,  inductivity  1,5  nHy, 
Anode  was  copper  (down),  cathode  tungsten  (up).  The  current  had  its  first  maximum 
after  7  ns,  went  to  zero  after  11  ns,  had  an  overawing  of  aprox  35  %  and  tapered 
off  to  zero  after  aprox  30  ns. 

The  tree  shfpe  "jet"  grows  from  the  bubble-like  anode  spot  and  appears  after  aprox 
SO  ns  after  current  begin,  The  pictures  were  taken  from  successive  3hots  and  photo¬ 
graphed  thru  a  6 -nanosecond  Kerrcell  shutter.  The  timing  was  controlled  by  delay 
cables  of  various  lengths.  The  discharge  was  triggered  by  pulse-charging  with  a 
time  jitter  substantially  under  1  ns. 

Since  this  first  publication  SchSnbach  at  the  Laboratory  of  Applied  Physics  in  Darm¬ 
stadt,  Germany  has  studied  the  phenomenon  in  detail.  He  observed  a  number  of  rela¬ 
tionships  which  I  want  to  discuss  in  the  following. 

Most  important  results  are  the  spectral  identification  in  lead  and  aluminum  proving 
the  tree  shape  structure  consisting  of  the  anode  material.  Tilting  the  electrode 
surface  confirmed  the  assumption  of  a  directed  jet  perpendicular  to  the  anode  sur¬ 
face.  A  weak  jet  appearing  at  the  cathode  in  figure  1  is  the  result  of  current 
reversal  which  temporary  turns  the  cathode  into  an  anode,  ilos  "  of  all  the  existence 
and  appearances  of  the  jet  phenomenon  strongly  depend  upon  the  metallic  properties  , 
of  the  anode  material.  Jets  were  observed  with  current  densities  exceeding  10°  A/cm  . 


EROSION  JETS 

Figure  2  shows  the  time  resolved  spectrum  of  the  spark  discharge  in  air  as  seen  thru 
the  Kerrcell  shutter.  Anode  is  lead.  Cdlig-comparison  spectra  are  first  and  last. 

The  spectrometer  slit  is  paralell  to  the  gap  axis,  anode  is  up. 

We  see  th^t  the  spark  spectrum  is  purely  continuous  during  current  flow.  Widened 
ionised  N  lines  gr^w  out  of  the  fading  continuum  after  the  current  has  ceased  after 
aprox  30  ns.  The  Pb  lines  appear  at  the  location  of  the  anode  jet  after  aprox  50  ns, 
i.e.  shortly  after  appearance  of  the  tree  3hape  structure. 

Figure  3  shows  that  the  tree  structure  stays  perpendicular  to  the  anode  surface, 
when  the  surface  of  the  anode  i3  tilted  in  relation  to  the  spark  channel  axis.  This 
proves  that  this  phenomenon  is  tied  to  the  anode  surface,  confirming  the  assumption 
of  a  jet  erupting  from  the  anode. 

After  having  established  the  existence  of  the  erosion  jet,  I  should  like  to  discuss 
its  relation  upon  the  discharge  parameters  and  anode  materials.  'We  compare  jets 
with  tungsten-,  copper-,  lead-  and  aluminum  anodes  and  change  the  current  density 
and  time  integrated  current  flow  by  altering  the  capacity  of  the  spark  circuit. 
Secondary  differences  in  the  inductivity  are  being  considered  in  the  current  cal¬ 
culation. 

First  we  regard  the  photography  of  an  erosion  jet  with  aluminum  anode.  The  discharge 
parameters  in  figure  4  are  slightly  different  (L  »  2,3  nHy)  from  those  in  figure  1. 

Figure  4  shows  the  time  development  of  the  erosion  jet  with  an  aluminum  anode.  We 
observe  that  the  jet  grows  uniformly  from  the  bubble  of  the  anode  spots  time  of 
appearance  is  also  aprox  SO  ns  after  current  begin,  i.e,  aprox  20  ns  af»er  current 
cutoff.  The  jet  remains  very  uniform,  looks  like  a  fountain  with  its  outer  rim  cur¬ 
ling  backwards  towards  the  anode.  This  effect  is  probably  caused  by  a  counterstream 
of  gas  ions  released  from  the  cathode  sheet  after  curront  cutoff  (2).  Pie  stem  of 
the  anode  spot  is  wider  as  in  coppor  (see  figure  1).  These  differences  of  the 
aluminum  jet  in  comparison  to  copper  may  be  understood  from  the  lower  molecular 
weiy.it,  lower  melting  point  and  smaller  heat  conductivity  of  aluminum. 

The  lead-jet  has  spikes  yet  not  quite  as  sharp  as  in  copper  (figure  1).  The  jet 
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appears  turbulent.  The  stem  is  even  wider  than  that  of  aluminum,  appearantly  due 
to  the  lower  melting  point,  Also  the  heat  conductivity  is  low  in  comparison.  The 
jet  is  shorter  in  length  than  that  in  aluminum,  probably  because  of  the  larger 
molecular  weight  of  lead. 


AREAS  OF  EXISTENCE 

Figure  6  demonstrates  the  conditions  under  which  jets  have  been  observed  when  the 
current  density  and  time  of  current  flow  has  been  changed.  Jets  in  thi3  particular 
case  were  observed  with  current  dersities  exceeding  10®  A/cm 2  between  times  of 
current  maximum  of  aprox  3  ns  to  90  n3,  All  discharges  had  a  high  rate  of  current 
rise  which  is  determined  by  the  factor  di/dt  breakdown  voltage/inductivity. 

It  is  apparent  that  the  jet  develops  in  lead  with  the  smallest  current  density  and 
shortest  current  flow.  Lead  has  the  lowest  melting  point  and  a  relatively  low  heat 
and  electric  conductivity.  Aluminum,  copper  and  tungsten  follow  in  the  sequence  of 
their  melting  points. 

With  increasing  time  duration  of  the  current  flow  the  jet  disappears  first  with 
aluminum,  which  has  a  low  melting  point  however  high  heat  and  electric  conductivity. 
Tungsten  in  comparison  has  a  high  melting  point  and  lower  heat  and  electric  con¬ 
ductivity.  Thus  an  important  factor  appears  the  quantity  -  thermal  conductivity 
divided  by  density  times  specific  heat. 


MECHANISM 

Preceding  experimental  observations  suggest  a  mechanism  in  which  the  evaporation 
jets  are  produced  by  a  strong  local  heating,  melting  and  evaporation  of  the  anode 
surface  by  electrons  entering  thru  the  anode  spot.  Jet  condition  will  be  favored 
by  a  low  melting  point  of  the  anode  and  a  relatively  low  heat  conductivity  which 
increases  the  surface  temperature  by  reducing  the  heatflow  into  the  deeper  regions 
of  the  anode  material.  The  temperature  gradient  between  surface  and  interior  will 
increase  with  decreasing  heat  conductivity.  Reduced  electric  conductivity  on  the 
other  hand  increases  the  surface  temperature  by  Joule  heating.  This  we  may  expect 
a  thin  melted  surface  layer  under  jet  conditions  with  a  large  heat  gradient  to  the 
interior. 

With  a  long  time  current  flow  (current  maximum  after  90  ns)  the  3tem  of  the  jet  in 
general  is  wider  as  in  the  short  time  discharge  (current  maximum  after  3,5  ns),  ob¬ 
viously  due  to  an  expansion  of  the  melted  area.  Jets  with  long  current  flow  appear 
more  uniform,  i.e.  thermalised.  The  effect  of  directed  explosion  shows  up  with  lower 
current  density  in  case  of  longer  current  flow,  however  tends  to  disappear  or  therma- 
lise  as  should  be  expected. 

It  appears  to  re  that  I  have  read  similar  thaughts  in  come  Russian  articles  which 
I  cannot  locate  at  the  moment.  The  experiments  in  this  paper  on  the  other  hand  for 
the  first  time  appear  to  prove  such  mechanism. 


FUTURE  STUDIES 

We  presently  are  trying  to  understand  quantitatively  the  mechanism  of  jet-erosion 
by  calculating  existence,  diameter  and  expansion  velocity  of  the  jets  from  material 
constant*.  We  shall  study  the  influence  of  gas  environment  and  shall  try  to  under¬ 
stand  the  basic  differences  in  anode  and  cathode  erosion.  At  the  present  we  have  no 
feeling  whatsoever  wy  the  copper  jet  persistently  shows  5  spikes  -  always  at  the 
same  location. 

Finally  we  should  like  to  be  able  to  extend  our  understanding  into  the  longer  dura¬ 
tion  electrical  discharges,  possibly  with  lower  current  densities,  where  thermali- 
eation  will  take  over  the  directed  explosion. 
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Fig. 1  Time  development  of  spark  channel  and  anode  "jet”;  anode  copper  (dorm) 


Fig. 3  Anode  jet  with  anode  tilted  towards  spark  axis;  aluminum  electrodes 

(or.odt  down) 
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Fig. 4  Time  development  of  spark  channel  and  erosion  jet  with  aluminum 

electi'odes  (anode  down) 


REPRESENTATION  SCHEMATIQUE  DES  PROCESSUS  D’AflLATION 


A  SCHEMATIC  REPRESENTATION  OF  ABLATION  PROCESSES 


par  Jacques  Jules  NICOLAS,  Samuel  KOHN  et  Georges  TAGUET 


Office  National  d’Etudes  ot  de  Recherches  A6rospat iales  (ONERA) 


92  -  Chfitillon  (France) 


33 


RESUME  : 


SUMMARY 


L' introduction  de  jaAcanismes  chlnlques  simples  permet  d'expliquer  quelques 
examples  caractlristlques  d’intdrAt  pratique  de  1 'ablation  dos  parola.  En  absence 
d'Arosion  »4r  -- \ique  on  peut  appllquer  sou*  une  forme  slmpliflAe  les  lols  de  la 
cindtiqu©  chlwxque  et  des  transfer: ■  k  tra vers  la  couch©  Unite. 

Les  rAsultats  experiment aux  obtenus  dana  des  conditions  bien  dAfinies  sont 
en  bon  accord  avec  ceux  cal cults  selon  lea  mdthodes  propostes  dana  le  cas  des 
aattrlaux  sulv&nts  :  rtslne  phtnol ique  pure,  rtslne  phtnollque  renforcte  par  des 
fibres  de  graphite,  rtslne  phAnolique  renfoicte  par  des  fibres  de  silice. 


With  the  introduction  of  staple  chemical  mechanisms  it  is  possible  to 
explain  some  characteristic  example*  of  practical  interest  of  parietal  ablation. 
In  the  absence  of  Mechanical  erosion  we  can  apply  under  s  simplified  fore  the 
laws  of  cheaiicsl  kinetics  and  the  laws  of  transfer  through  the  loundarv-layer. 

The  e'-perisantal  results  obtained  in  well  specified  conditions  are  in  good 
agreement  with  those  given  by  the  proposed  methods  in  the  esse  of  the  following 
materials  :  pure  phenolic  resin,  pienollc  resin  reinforced  with  graphite  fibers, 
phenolic  resin  reinforced  with  eilics  fibers. 
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NOTATIONS 

3 

p  masse  vo’ unique  g'cra 
a  vltesse  m's 
presslon  (bars) 

R  constant©  d©  gaz  pour  1 ’unit4  de  mass© 

Jis  constant©  universelle  d©  gaz 
T  temperature  °K 
Tp  temperature  de  parol 

Rq  enthalpie  d 'echauf foment  d*.  1  *ect»ulemont 
*  (composition  d*4quilibre  k  Tp  )  cal/g 

Rp  enthalpie  d©  ’ 'Acoulement  ramene  Ala 
temperature  Tp  cal/g 

St  nombre  de  Stanton  pour  la  paroi  en  cours 
d'ablation 

5t**noamr©  de  Stanton  pour  une  paroi  nonablative 

<Pp  flux  de  convection  re^u  par  la  paroi  er. 
cours  d* ablation  cal/cm^  s 

(Pp  flux  de  convection  re$u  par  la  paroi  non- 
ablative  cal/cm2  s 

mp  debit  massique  gazeux  e«is  par  la  paroi  en 
coura  d' ablation  g/cit2  s 

debit  transfere  a  la  paroi  du  corps  simple 

*  Ok  t ravers  la  couch©  limit©  g/cm 2  s 

rfoj  ✓» 

On  fraction  massique  du  corps  simple  U  confenu 

*  dans  1 'ecoulement 

Sp  fraction  massique  du  corps  simple  0  k  la 
paroi  • 

r*Pp  respect ivement  fractions  disponibles 
o  du  corps  simple  0  dans  1 'ecoulement 

ei  a  la  paroi 

JJl  masse  atomique  du  corps  simple  0 
y5  richesse  de  l  'ecoulement 

variation  d 'enthalpie  subie  par  le  materiau 
consomme  cal  /g 

Q  chaleur  1  tee  a  une  i rans format  ion  subie  par 

le  materia^ 

Q  . ,  chalinr  efficace  d'ablation. 

''ef  f  icace 


1  -  INTRODUCTION 

La  necessite  d 'assurer  lea  protections  ant  i- 
thurmiquei  de*  engtna  mode met  a  conduit  A  expe¬ 
rimenter  de  n»>*brt*ux  materiaux  dans  d©s  conditions 
aussi  vo  tames  que  possible  de  col  lea  rencontre** 
dans  lea  applications  en  vue. 

Maas  tl  eat  difficile  de  simuler  correctomoni 
dans  lea  ©aaam  do  laboratnire  k  la  foia  toutea 
lea  conditions  alrcdynamique* ,  thermiquoa  et 
c.V«oquej  ©t  auivant  lea  techniques  utilities 
•<n  alioutii  k  dea  claaaements  de  matlrlaux  de  pro¬ 
tect  ion  d:ff4rents.  re  qui  rend  d'ailleura  mal" 
aial  1 ' interpret  at  ion  dea  eaaaia  effect u/a. 

le  hut  principal  de  ce  travail  r»*e at  pas  de 
proposer  une  mltltode  d'eaaai  i>o.ntilf  on  un  clas- 
aument  supplement  a  l  re  de  matlnaua  rtw  protection, 
mala  d* essay* r  d  *  in »  rodu i  re  dea  mAcar<*m*i  chi- 
■iquri  pour  r*pl iquer  quo 1 que a  ©armplos  rar*ct4- 
natiquva  et  d'lntlrlt  pratique  de  1* ablation  dea 
paroia. 


Les  exemples  su  cl  assent  en  deux  categories, 
auivant  que  la  rlgress^on  de  la  paroi  cst  due  a 
des  reactions  chimiques  qui  s 'accompl issaient 
principalemont  entr©  les  gaz  de  J '4coulement  et 
le  matlriau,  ou  bien  result©  d©  transformations 
qui  s 'ef  fectuent  an  sein  n»6m©  du  natlriau  ct  sont 
entretenuea  par  1©  flux  tnermlque  do  convection, 

II a  ont  et4  4tudi4s  dans  des  conditions 
duct  ibl os  oil  1 'erosion  mecaniquu  eat  n4gl  igeahl© 
et  qui  autorisent  sous  une  forme  tree  simplifi4e 
1 1 appl icat ion  d&s  lois  de  la  cin4tique  chimique 
et  des  transferts  k  travers  les  couches  limites. 

Les  schemas  d'ablation  auxquels  on  est  conduit, 
peuvent  4ventuellemom  faciliter  1 ' interpret  at  ion 
de  la  maaae  des  result  at  a  experiment aux  dispo¬ 
nibles  et  leur  conf4rer  un  aspect  plus  fondafflental 
que  ne  le  permettent  en  g4ne-al  les  seules  consi¬ 
derations  physico-thermiques. 

2  -  FT  IDE  EXPERIMENTALK  DF  f. 'ABLATION 
PAR  LA  TECHNIQUE  DES  HRIXFLRS 

2.1  -  Mat4naux  experiments© 

Les  materiaux  experiment 4s  dont  1 'ablation 
est  gouvernee  par  les  reactions  entre  ga s.  de 
1 'Ecoulement  e^  paroi  sont  : 

-  la  r4a ine  ph4nol ique  pure,  et  le  composite 
phenol ique  fibres  de  graphite; 

-  le  troisieme  mat4riau  4iudi4  est  un  stratifl4 
k  plls  perpendiculaires  k  1 ' Ecoulement ,  r4sine 
ph4nol ique  tiasu  de  verre  lav4.  II  se  distinguo 
des  pr4c4dents  par  la  formation  d'un  film  de  ail  ice 
fondue  qui  protege  sa  surface  des  actions  chimi¬ 
ques  tie  1 'Ecoulement  et  son  ablation  a'oxplique 
par  des  transformations  qui  prennen'  place  dans 
les  couches  sous-.)  seen  tea. 

Les  maquettes  d'essai  qui  ont  4t4  r4alis4es 
dans  ces  mat4riaux  ont  la  forme  d'un  convergent 
suivi  d'une  part ie  cyl^ndrique  do  1 'odre  d'un 
diamntre.  Elies  sent  montEes  k  I'arrbre  d'un 
g4n4rat©ur  de  gas  chsuds  dont  t*ll»-s  constituent 
la  tuyere  d' eject  ion.  la  parti©  cylindriqun  for¬ 
mant  col  sonique  (  <p  =  20  mm)  (fig.  1). 


1 
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2.2  -  G#n#rateur  de  gaz  chauds 

Les  g#n#rateurs  de  gaz  chauds  sont  des  brO- 
leurs  dont  le  comhurant  est  1 'oxygene,  Suivant 
le  cas,  on  utilise  un  brQleur  oxygene  propane  ou 
un  brQleur  oxygene  kerosene,  Le  premier,  de  par 
sa  conception  mSme  fournit  des  Acoulements  de  gaz 
brQl#s  de  composition  tres  homogene  et  convlent 
dans  les  cas  oil  des  flux  thermiques  modAres  sont 
suffisants.  Lorsque  des  flux  thermiques  assez 
AlAvAs  ont  At#  nAcessaires  le  brQleur  oxygene 
kerosene  a  Ate  employ#, 

Les  caraotAristiques  moyennes  des  conditions 
rAalisAes  avec  ces  mcyens  d'essais  sont  prAsentAes 
dans  les  figures  2  et  3. 


2.3  -  Mesures 

Les  mesures  principales  effectuAes  au  cours 
des  essais  sont  la  pression  de  chambre  du  gAnA- 
rateur  dont  la  variatic  est  fonction  de  l'abla- 
tion  des  maquettes  et  la  temperature  de  paroi  par 
pyrometre  I.R. 

Les  maquettes  sont  posAes  et  mesurAes  avant 
et  anrus  essai,  Des  examens  phvsico-chimiques  des 
diverses  couches  du  materiau  sont  effectuAs  et 
complAtAs  par  des  pyrolyses  d'Achantillons  dans 
des  fours  de  laboratoires  avec  analyse  des  pro- 
duils  degagAs. 


FIG.  2  -  BRULFl'R 

1.  ArrivAe  d'oxvgenc. 

2.  ArrivAe  de  propane. 

3.  Stabil isateur. 

<1.  Sortie  d'eau. 

5.  Chambre  de  combustion. 


OXYGENE- PROPANE. 

6.  Chemise  d'eau. 

7.  Kntree  d'eau. 

W,  Materiau  experiment A. 
9.  Tuyere. 
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2.4  -  R^sultats  exp^rlraentaux 


FIG.  4  -  TUYERE  EN  RESINE  PHENOL IQUE  PURE 
(NON  RENFORCEE) 


FIG.  5  -  Tt'vERES  EN  RESINE  PHENOLIQUE 
RENFORCEE  DE  FIBRES  DE  GRAPHITE 
o.  T.  S52 
+  jr  T.  653 


FIG.  6  -  TUYERES 
SN  RESINE  PHENOLIQUE 
RENFORCEE  DE 
FIBRES  DE  SILICE 


Dans  las  tableaux  1  et  2  sont  inscrlts  les 
principauy  rdsultats  qui  soront  utilises  commo 
base  do  comparalson  avec  les  calcula  qul  sulvent. 
lev  r£sultats  ont  obtenus  apr&a  de  noabreux 
tatonnements  qui  ont  perais  de  r£aliser  une  risine 
phAnolique  resistant  bien  «u  choc  thermique  et 
donnont  un  coke  peu  friable  d'une  part,  et  d’autre 
part  de  faire  un  choix  parmi  lea  qualitis  des  fi¬ 
bres  de  graphite  et  les  techniques  de  moulsge,  le 
criture  6tant  l'obtention  apres  essai  d'itata  de 
surface  sat isfaiaants. 


Egaleraent  les  conditions  exp<rlmentales 
dans  les  esaais  des  maquetter  en  composite 
phenol ique  silice  ont  6t6  choiaiea  de  mani&re 
k  ce  que  lea  quantitla  de  silice  fondues  en- 
tralnAes  par  l'4coulement  soient  pratiqueaent 
nigligeables  afin  de  rAaliser  une  ablation  non- 
perturbAe  par  une  Erosion  «<canique. 


TABLEAU  1  -  ESSAIS  DU  BRULEUR  OXYGENE-PROPANE 


VALE’  RS  EXPER I  MENTAt  ES 

COMPARA I  SON  DES  RESI’LTAfS 

EXPER IMENTAUX  ET  THEORIQUE! 

MATER  I At 

voluaiqutt 

B 'cm'' 

vitesae 
d’ ablation 

mb's 

4paisaeur 

de  coke 

FV\  p 

•acp.  th, 

g^cm8a 

exp.  th. 

cal/c^a 

Qeff. 

exp.  th. 

cal/g 

r4»ine 

pure 

rp  2.5 

I,  !3 

1.23 

0,  117b 

0.  1173 

1.5 

1.3 

0,014 

0,0143 

0,0143 

0,0142 

38,5 

38,5 

40,5 

40,5 

2600 

2550 

2750 

2750 

graph) le 
phAiu.l  iqur 
K'P  2.5 

1,30 

1.26 

0,076 

0,076 

2,5  k  3 

2,3  k  3 

0,010 

0,095 

0,011 

0,011 

37 

38 

36 

36 

l 

3250 

3250 

TABLEAU  2  -  ESSAIS  DU  BRULEUR  oXYGENE-KEROSENE 


3  -  BASES  DE  LA  REPRESENTATION 
DES  PROCESSUS  D* ABLATION 

L' interpretation  des  phAnomenes  d'ablation 
qui  ont  AtA  observes,  s'appuie  : 

a)  d'une  part  sur  un  choix  des  mecanismes 
chimiques  probables  fondes  sur  des  reactions 
ocnnues  entre  les  divers  reactifs  en  presence, 
dans  les  conditions  de  temperature  et  de  pression 
etablies  au  cours  des  essals; 

b)  d' autre  part  sur  1 'etabl issement  er.  regime 
stationnalre  dns  bllans  thermiques  et  masslques 
entre  les  transformations  subies  par  le  materiau 
et  les  transferts  par  diffusion  turbulente  k  tra- 
vers  la  couche  limite. 

Avant  d'aborder  1 'etude  des  mecanismes  chimi¬ 
ques  qui  dependent  du  cas  considere,  il  convient 
de  rappeler  lea  regies  qui  gouvernent  les  trans¬ 
ferts  A  travers  les  couches  limites  turbulentes. 

3,1-  Flux  thermique  A  la  parol 

On  salt  que  1 'expression  du  flux  thermique 
de  convection  requ  par  une  parol  eat  : 


tfipzpu  St  (Hs  -Hp) 


p  masse  volumique 
U  vitesse  de  l'ecoulement 
St  nombre  de  Stanton 
Ht  enthalpie  d'echauf feraent 
Hp  enthslpie  k  la  paroi. 

Les  hautes  temperatures  engendrAea  par  la 
combustion  d'un  hydrocarbure  dans  1 'oxygens  font 
que  les  ecoulements  realises  sont  en  partis  dla- 
socies. 

Cependant  lea  meaurea  de  flux  thermique  et 
lo  calcul  du  nombre  de  Stanton  montrent  que  la 
valeur  de  1 'enthalpie  eat  equivalents  k  1 'en¬ 
thalpie  d'echauf foment  pour  la  composition  chiml- 


compoaitlon  chiml- 


que  d'equilibre  determines  par  la  temperature  7^ 
de  la  paroi.  “ 

11  suffit  d'ailleurs  d'un  taux  de  recombi- 
naison  A leve  pour  avoir  des  conditions  AnergAtlques 
volaines  de  cellos  d*  composition  d'equilibre, 
taux  qui,  comptt  tenu  des  temps  de  sA  lour  dans  la 
couche  limits,  a  toutes  chances  de  se  realtser. 

La  valeur  Hp  ae  dAduit  de  Hj  par  la  quant  1- 
te  de  chaleur  qu'il  faut  extralre  pour  amener  sans 
reaction  chimlque  la  composition  d'equilibre  d'en- 
thalpie  ,  i  la  temperature  Tp  de  la  parol. 


Par  definition  m§me  des  regimes  station- 
naires  consideres,  le  flux  $p  requ  est  totale- 
ment  absorbe  dans  les  diverses  transformations 
qui  conduisent  k  1 'ablation  d'une  quantite  /tip 
de  materiau  par  seconds  et  par  cm?  d'ou  : 

(2)  (pp  =  mp  AHm 

Ml  etant  la  variation  d'enthalpie  qui  accompa- 
gne  1 'ensemble  de  ces  transformations  depuis 
l'etat  initial  du  materiau.  On  en  dAduit  : 

(3)  mp  r  f>u  St  UllUt 

M£ 

Dans  les  cas  etudies,  le  debit  rnp  est  cons- 
titue  de  gaz  emis  par  la  paroi  et  ce  debit  engen- 
dre  un  flux  de  convection  qui  se  superpose  au 
flux  habituel  de  diffusion  turbulente  dans  la 
couche  limite.  Cependant  ir>p  represente  ici  une  frac 
tion  assez  petite  du  flux  do  diffusion  caracterise 
par  le  produit  pu  St*  e t  il  suffit,  pour  tenir 
compte  des  effets  de  1 'Amission  parietal*  de 
corriger  le  nombre  de  Stanton  St*  de  la  paroi  non- 
4missivo.  Diverses  corrections  ont  AtA  proposAes 
elles  conduisent  dans  les  conditions  prAsentes 
pratiquement  au  mAme  rAsultat  [0  ,  [2]  ,  [3]  , 

On  a  choi si  pour  des  raisons  de  forme  et  de 
commoditA  1 'approximation  de  Spalding  L4J  qui  est 

«,  ii  t±zMl 

St*  “  H)-»p 


3.2  -  Transferts  de  masse  k  la  parol 

Les  couches  limites  Atant  turbulentes,  il 
est  permls  de  supposer  un  nombre  de  transport  de 
masse  communs  k  toutes  les  esp&ces  chimiques  et 
Agal  au  nombre  de  Stanton.  Comme  consAquence 
du  principe  de  la  conservation  do  la  masse  le 
dAbit  transfArA  d'un  corps  simple  0  contenu 
dans  1'AcoulesMnt  a'expnme  par  la  relation  : 

<5)  [**)*] -Pu  M  [fj  • 

Sj  »t  Jp  Atant  respect ivement  les  fractions 
masliques  de  0  dans  1 ' Acouleaent  et  k  la  parol. 

Les  corps  simples  sont  en  (AnArsl  comblnAs  entre 
eux  et  certaines  liaisons  chimiques  particullA- 
rement  stables  font  que  seulement  une  fraction 
P  dite  fraction  disponible  peut  rAsgir  ever 
le  matAriau, 

Dans  le  cas  particulier  oil  cette  frartion 
disponible  du  corps  0  s' unit  avec  la  fraction 
P  du  matAriau  de  la  paroi  pour  former  un  pro¬ 
duit  gaseux  dAfini,  il  y  a  un  rapport  simple 
entre  les  masses  ablatAes  el  lee  msseea  tranafArees. 
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En  effet  le  debit  masse  mp  foumi  par  l'a- 
blatlon  contient 

mBpCl  atomes  grammes  de  C 

p  rrv 

et  le  debit  masse  transfers  apporte 

fuStft.r;]  _L,  atones  grammes  de  O 

ft[c  et  0  etant  les  masses  atomiques, 

Si  los  corps  0  et  C  se  combinent  sulvant 
la  reaction 

xC  *y  0  Cx  Qy 

11  y  a  evidemment  la  relation 

mpP'i  .  ±  =pU stfr'r. )  JL *  1 

ou  p  m  *  p  lJ  "w  ) 

(6)  mp  :puSt  Ull Ik  COU  .£ 
p  r  r  [jiu  y 

Comme  dans  le  cas  des  transferts  d'6nergle, 
on  doit  tenlr  compte  de  1 'emission  gazeuse  pa- 
riAtale  mala  1 'approximation  de  Spalding  extend 
4  toute  proprtete  conservative 


(7)  iL  = 


T-V  MJ  * 


mi  ~ 

,  Tea*  reactions  4  la 


Dana  lea  cas  6tudi4s,  Tea  reactions  4  la 
parol  qui  gouvement  1 'ablation  aont  globalement 
equivalents*  4  une  reaction  unique  de  ce  type. 

4  -  ABLATION  REGIE  PAH  LES  REACTIONS  CHIMIQUES 
ENTRE  GAZ  DE  L’ECOULEMENT  ET  LE  MATER  I /.U 

4.1-  Schema  chimique  de  1 'ablation 

En  ce  qui  concerns  lea  maquettea  en  re* lne 
phenol  ique  et  cn  composite  phAnolique  graphite 
la  couche  aolide  en  contact  avec  l'Acoulement 
devient  rapldement  une  couche  easentiel lament 
constitute  de  carbons  et  la  regression  de  la  parol 
eat  le  rtsultat  d'une  gaztlf lcation  de  ce  carbons. 
Bien  qu'on  connaisae  aasez  mal  les  mtcanlsmes  de 
cette  gaztlfication  r^i,  il  apparalt  comme  cer¬ 
tain  que  1 'action  d'un  gaz  coaburant  sur  les  car- 
bones,  conduit  4  la  formation  d'oxyde  de  Carbone 
et  dans  lea  essaia  effectuds  l'oxydatlon  du  car- 
bone  eat  represent Ae  par  lea  reactions  : 


2  CO  (gaa) 


H20  ♦  C 


(8  )P  =' 


.  [SO,  -  3/2  -f  02]  x  32 


[fC3H8]x44  4  [5  32 


D'autre  part  tout  ae  passe  4  la  parol 
comme  si  l'oxyg&ne  transftrt  qui  eat  sous  forme 
de  C02,  HgO  etc,  se  combine  avec  le  carbone  de 
la  parol  sulvant  la  reaction 

2  C  +  C2  — »  2  CO 

et  le  rapport  entre  les  quantltts  transferees 
et  les  quantltts  ablattes  est  bien  celul  d'une 
rtaction  unique  oil  *  »  y  ■  1;£^T{7“  12; 
0%tJ“  1®  c'est-4-dire  eat  de  la  forme  (6)  et 


r“st 


r*rj 

r 


Lorsque  les  temps  chimiques  des  reactions 
4  la  parol  sont  petita  lea  fractions  d'oxydants 
disparaissent  au  fur  et  4  mesure  qu'ellea  sent 
transferees  4  la  parol  et  /I  devient  negligeable. 
Plus  preclsement  si  la  Vitesse  de  production  de 
CO  4  partlr  du  carbone  de  la  parol  est  representee 
par  une  expression  de  la  forme  : 


Hfp(>))  exp  JL  (  P°  PrP 

'!  J  '  J%T  l'oxygfe 


press ion  partielle 
yg&ne  dlsponlbla) 


L'oxyde  de  carbone  et  1 'hydrogens  etant  les 
produits  finaux,  on  peut  voir  que  la  fraction  dis- 
ponible  d'oxygdnc  dana  lea  ecoulementa  isaus  de 
la  combustion  d'un  hydrocarbure  eat  ggale  4  la 
fraction  d'oxyg4ne  prAser.te  avant  combustion  dimi- 
nuSe  de  la  fraction  qui  peut  s'unir  avec  le  carbone 
du  combustible  pour  former  du  CO. 

Altisi  pour  le  brQleur  oxy fine-propane  la 
composition  du  melange  de  richesae  Jr5  est  avant 
combustion 


les  vltesses  de  transfert  d'oxvgfene  dlaponible 
Atant  egales  d'autVe  part  aux  vltesses  de  forma¬ 
tion  de  CO  en  regime  statlonnalre  on  a  : 

rust[r*.n']~ 

II  sufflt  que  le  denomlnateur  du  24me  membfe 
soit  grand  pour  pouvoir  nAgliger  la  fraction 
sans  avoir  beaoin  de  connaltre  les  vltesses  de 
reaction.  En  reaction  heterogfene  le  facteur  H 
depend  essentlellement  de  l’etat  de  surface  de 
la  phase  solids  souvent  caracterise  par  l'etendue 
de  la  surface  accessible  aux  gaz  determines  par 
example  par  la  methods  BET. 

4.2-  Bilans  massique  et  thermloue 
a)  Css  de  la  resins  phenollgue  pure 

La  resins  phenol ique  est  entlArement  gszfi- 
fie*  par  une  suite  de  trois  processus  chimiques 
lndlquds  dans  la  figure  7.  Les  essaia  d'ablstion 
moot rent  que  ces  trois  processus  s'aocompllssent 
dans  une  couche  d’epalsseur  falble  et  quasi  cons¬ 
tants  et  qu'un  regime  statlonnalre  s'etablit  dans 
un  laps  de  temps  petit.  In  outre,  la  structure 
part  icul  lArement  poreuse  du  coke  indlt,te  une 
surface  accessible  aus  gas  tris  grande  ce  qui 
compte  teru  des  temperatures  de  parol  eievdes 
doit  conduire  4  des  temps  cnlmiques  trta  courts 

cr;  ~  0  . 

La  composition  eiementaire  ponddrelr  des 
resines  utilitees  est 


>*C3H,  ♦  5  0, 


C  •  0,77 


Oj  »  0.  173 


1 'oxygens  dlaponible  est  proportionnel  4 

5  og  -  3/2  f  oa 

et  la  fraction  dlaponible  de  /7*ee t  : 


Si  1 'on  admet  que  toua  les  corps  oxygdnes  de  la 
pyrolyee  sont  rddults  4  l'dtat  d'oxyde  de  carburs, 
la  quantite  do  carbone  dlaponible  est  : 


(Hi)  0, 


77  -  O.  173  .  0,64 


33-6 


Couchs  limit  § 
turbu/snts  \ 


Front  d'sblstion  j 
coks  supsrficis!  ’ 
fiiitns  sn  c pun  dt  i 
csrbcnisstton  \ 


Riant  stint 


6*1  d'scowsmsot 
7,  -  3100  VC 


i  COt+C  ’2C0 
»  HjO+C  *CO+Ht 


fC0,*C*2C0 


•*  1300‘K  ?  | 

*  SOP-SSCt*  Su* 


♦  Ambisnts 


J  f-  CO,  ^H,0*C~H9*C0 

-H,0  ' 

-  sC+2Ht 
For  ms  tion  2 -  CO  - 

..CHt 

-  CgHgOH  \  CO  *H*»C 

-C,H,  1/ 

-W. 


?IG.  7  -  SCHEMA  DE  L* ABLATION  D’UNE  TUYERE  EN  RESIME  PHENOL JQUE 


Dans  les  pyrolyses  effecluees  au  four  en 
atmosphere  inerte,  l'analyse  des  produits  dAgagAs 
A  haute  temperature  indique  qu'ils  sont  former  de 
CO,  H2  avec  de  petltes  quantltes  de  CH^  et  le 
residu  solide  correspond  A  une  teneur  en  coke  de 
0,59  [6j. 

La  difference  0,64  -  0,59  reprAsente  le  car- 
bone  contenu  dans  les  hydrocarbures  gazeux  dAgagAs 
qui  pouvent  Stre  oxydes  par  les  gaz  de  l'Acoule- 
ment.  De  toute  maniAre  la  difference  entre  carbone 
disponible  et  teneur  en  coke  Atant  faible  il  est 
permls  en  premiere  approximation  d'etabllr  les 
bilans  sur  la  base  la  plus  simple-  c'est-A-dire  en 
fonction  de  la  fraction  de  carbone  dAfinie  par 
(10). 


pyrolyse 


Achauf fement 


550  "al  ' 


le  terme  Q  .  .  represente  la  chaleur 

^  reaction 

des  reactions  qui  se  produisent  entre  gaz  de  1 ' e— 
coulement  et  le  carbone  rAsiduel  de  la  resile 
pyrolysAe. 

Les  reactions  en  jeu,  dans  les  conditions 
rAalisAes,  sont  essentiellement  : 


C02  +  C 


H~  +  CO  + 


'p  =  2100°fc. 


28600  cal 


4  1000  cal 


,  .  .  ...  D  apres  les  concentrations  respectives  de 

bilan  de  masse.  Les  maquettes  en  rAsine  ont  Ate  ..  .  *  .  ,  ...... 

- -t -  ,  .  ,  HoO  et  COj  dans  le  gaz  de  1  Acoulement  (composi- 

expArimentAes  sur  le  brQleur  oxygene-propa ne  avec  r 

,  .....  .  tion  d  Aquilibre  k  To)  1  oxydation  d  un  gramme 

les  condition,  suivantes  :  de  absorbe  cal  >t 

PU  m  16,3  g/cm2  s  (2  2730  x  0,64  =  1750  cal'g  de 

«  1  3  ^rAaction 

•  p  '  „  rAsine  ablatAe. 

St  «  a, 10-J  On  en  dAduit  : 

La  fraction  d'oxygAne  disponible  dans  lV.cou-  OPm  =  [  Q  ,  .  .  +  Q  ,  +  Q  ,  1= 

,  ,  .  _ x  /0.  .  1  ecnauf,  pvrolvse  ^rAactiorl 

lement  eat  d  aprAa  (8)  :  J 

„  r.  "1  1750  +  550  =  vTOO  cal  'g 

/  •  - s - : - - -  0,44b  et  le  flux  absorbA  a  pour  valeur  : 

*  1,3  C3H8x44  +  5  02  *  32  r 

rpp*tT)pOHft  =  32,7  cal  cm2  s 

celle  du  carbone  disponible  est  P 


On  en  dAduit 


-  2730  x  0,64  =  1750  cal'g  de 
rAsine  ablatAe. 


pyrolvso 


Le  bilan  de  masse  eat  alors  reprAsentA  par  I'Aqua-  ^ 

tion  p  ■  yp  x  — —  „  40,5  cul -'em2  s 

•  al  p*  J 

rr> spuSt  — ■  —A  «  0,0142  g/cm2  a  il  correapond,  A  co  flux,  une  chaleur  efficuco 

P  U  I*  d’ablatlon  : 

avec  .«  /)•  0  St* 

sl  7#  Qtff.&Hn*  -jT  -  27!'°  cal  *• 

TT>  - TJ — f -  •  0,81  J£ 

**  4J-  yfc-  4.3.  -  Composite  phAnul  iquo  graphite 

En  lgehnt  la  fraction  d'A- 

nergle  rayonnAe  qui  eat  petite,  le  bilan  therml-  a)  MAtantsme  chtmtguo  prubable_do_l 'ablat  luij 

qua  eat  : 

d)  m  &N*  0>  T Q  *  Q  *  Q  *1  C0*l>0*lt0*  PhAnoIlque  graphite  ne  different 

rp“  r  m  *  r  ‘'"pyrolyae  ''Achauf.  Tract  ion)  de  la  rAsine  pure  quo  par  une  proportion  plus 

.  „  ,  AlevAc  en  carbone.  Les  b-pothLaea  admises  pour  le 

la  soaaM  Q  represents  .  .  .  .  .  . 

pyrolyse  ^  Achauffement  caa  de  la  rAsine  a  Atendent  par  conaAquent  A  celui 

la  quant ttA  de  chaleur  qu’il  faut  fournlr  pour  du  composite  t  toutefots  la  surface  accessible 

transformer  1  g  de  rAalne  prise  A  la  tempArature  aux  gas  des  fibres  de  graphite  est  asses  grande 

smblante  en  produits  de  pyrolyse  A  la  tempArature  pour  qu’ll  n’y  ait  pas  de  difference  sensible  entre 
de  parol  Tp  .  L'Atude  thermique  d' Achant il Ions  do  lea  vitessea  d'aclatlon  des  fibres  el  colies  du 
reslne  pyrolyoAe  en  atmosphAre  Inerte  montre  que  :  coke  poreux  de  la  rAalne.  Cettr  condition  avw<  leu 

composites  utllisAs  paratt  eases  blon  tattsfaite 


1750  +  550  =  vrno  cal  'g 
et  le  flux  absorbA  a  pour  valeur  : 

=  32,7  cal  cm2  s 

Il  eat  d’usage  do  prendre  uomme  rofArence  le 
flux  (fip  requ  par  turn  parol  rum  on  sslvu  qui  osl 
Agal ,  dans  le  cas  de  1 ‘expArienco  A 


®  pyrolyse*  ^  Achauffei 
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et  l'ablatlon  a'effectue  suivant  le  mEcanisme 
dEcrit  prEcEdemment. 

b)  Bilan  de  masae 

Lea  bilana  de  masse  et  thermique  s'Etablls- 
sent  egalement  comme  dans  le  caa  de  la  rEsine 
pure.  Le  matEriau  expErimentE  d'aprEs  lea  amlyaes 
a  la  composition  pondErale  ElEmentaire  auivante  : 


C  =  0,92 


M, 


0,0225 


02  =  0,0575 


A  partir  de  ces  donnSes  le  bllan  de  masse  pour 
leg  essais  du  brOleur  oxygene-propane  eat  : 


m 


>,  .  p<j  St  11  A  . 
P  ~  <  16  re 


0,0H1  g/cnr  s 


avec  - -CO, 86. 

St* 

c)  Bilan  thermique 


En  adaptant  a  cette  nouvelle  composition  les 
valeurs  trouv£es  pour  la  resine,  on  a  : 

=  2780  cal  'g 

le  flux  absorbe  est  : 


4 


►31  cal /era  s 


s«»36  cal/cm2  s 


la  cnaleur  efilcace  d'ablation  etant 


C? 


elf. 


st 


3250  cal/g. 


4.4  •  Corui.iraison  avec  les  resuitats  expErimen- 
taux.  • 


InfErieures  -o  12  %  aux  vitesses  thEoriquea  mala 
les  flux  thermiques  dEduics  de  ces  vitesses  thEo- 
riquea  sont  en  bon  accord  avec  ceux  dSduits  des 
meaures.  En  rEalltE  .’a  determination  expErimentale 
de  la  vitease  d'ablation  eat  entachEe  d'une  errettr 
provenant  du  fait  qu'on  nEglige  la  perte  de  matlEre 
auble  dans  les  couches  carbonisEes  du  matEriau 
et  ces  coLChes  aont  nettement  plus  Spalases  que 
dans  le  cas  de  la  rEsine  pure. 

5  -  EXEMPLE  D'ABLATION  GOUVERNEF  PAR  DES 
REACTIONS  ENTRE  CONST ITUANTS  PL'  MATEB1AU 

5.1  -  MEcanisme  chimlque  probable  de  l'ablatlon 
du  composite  si lice  jjhEnol  ique 

Dans  tous  les  essais  des  maquettes  en  rEsine 
phEnolique  renf  rcEe  de  fibres  de  verre  lavE 
(98  %  de  SiOj)  on  a  constatE  la  disparltron  d'une 
fraction  importante  de  silice  sans  rEcupEration 
en  quantiles  notables  d'autres  dErivEs  alliens. 

II  faut  done  admettre  une  Elimination  sous  forme 
gazeuse  de  la  silice. 

On  sait  qu'aux  temperatures  ElevEes  la  si¬ 
nce  so  dissocie  sulvant  la  rEaction  : 


2  SiOj  liquide 


:2  Sio  gaz  +  Oggaz  +  360  keal. 


Mais  en  prEsence  du  caruone  et  de  1. 'hydrogene 
provenant  de  la  pyrolyse  de  la  rEaino  phEnolique, 
la  silice  est  Egalement  rEduite  avec  formation  de 

SiO. 

Trois  sEries  de  rEactions  peuvent  Etre  envi- 
sagEes  [7]  et  ces  rEactions  sont  des  rEactions 
d'Equilibre  dont  les  vitesses  dEpendent  des  pres- 
aions  partielles  des  gaz  formEs  et  dea  tempEratures. 


Le  tableau  1  rEsume  les  rEsultats  des  essais 
et  ceux  des  calculs  prEcEdents.  On  constate  un 
accord  tres  satisfaisant  entre  ces  rEsultats  dans 
le  cas  des  maquettes  en  rEsine  pure  ce  qui  cons- 
tttue  une  bonne  prEsompt ion  pour  la  validitE  du 
schEma  d'ablat,on  proposE.  I,  'aspect  rEgulier  lEgi- 
rement  ruguetf.  de  la  paroi  apres  essai,  per  me' 
raisonnab.ement  d'Ecarter  l'hypothese  d'arrache- 
ment  du  coko  qui  aurait  pour  effet  un  abaissemenl 
systematique  du  rEsultat  expErimental  par  rapport 
au  rEsultat  thEorique. 

En  ce  qui  concerne  les  maquettos  en  composite 
phEnolique  graphite,  on  t rouve  que  les  vitesses 
massiques  d'ablation  expEnmentale  sont  en  movenne 


*  Le  graph. ti  massif  to  distingue  des  aalEriaux 
prEcEdents  par  cert  sines  do  ses  propnEtEs  physi¬ 
ques  qui  sent  on  contradiction  avec  les  hypotheses 
admiaes.  En  effet  sa  conduct ihi 1 i tE  thormique  Ele- 
vEe  s'oppose  i  1 'Etsbl tasement  d’un  rEgime  ther- 
mique  stationnalre  ou  les  flux  de  convection  sont 
eat iE Foment  absorbe*  dans  les  processus  d'ablation 
et  sa  faible  porositE  inttiale  nr,  donne  pas  une 
surface  accessible  aux  gas  su'f tsa.it  .  Toutofots, 
on  a  otiaorvE  des  rEgtmcs  d'ablation  ststionnatre 
el  loraque  la  press  Ion  psrllelle  ties  gss  oxvdonts 
est  asses  ElevEe  les  vitesses  d'ablation  Son;  vot- 
Sinet  de  la  vitoaae  thEorique.  feci  s'rxpltque  par 
la  formation  d'une  sail  t  Itude  de  mtcrocratcres 
dont  1 ’effet  Evident  est  un  accrolssement  do  la 
surface  accessible  au  gas.  D'autre  part  des  essais 
de  col  on  graphite  avec  des  Ec-’ulemenls  neutres 
chauffEs  par  arc  Elect  rtque  ont  mon i  rE  qu'H  n’y 
avail  paa  d'ablation.  Ceci  conflrme,  s’tl  or,  est 
heaoln.  l'hypothese  d'une  ablation  chimlque. 


La  discussion  des  Equilibres  entre  Si,  Oj .  C 
et  leurs  composEs  laisse  assez  bien  prEvoir  les 
cEtctions  qui  contrfllent  1 'ablation.  Mais  il  est 
plus  probant  de  s'appuyer  sur  certains  de  nos 
rEsultats  expErimentaux  rEcents  [8] , 

Les  thermogramsies  d  'Echant  il  Ions  silice  phEno¬ 
lique  EtuaiEs  par  thermogravimEtrie  mon t  rent  qu'en 
atmosphere  inerte  les  vitesses  de  perte  de  masse 
tendent  vers  zEro  entre  1200  et  I400°C  puis  aug- 
mentont  rapidement  su-dessus  de  MOO'C.  Cet  accrois- 
sement  de  vite'isc  de  dEcomposi  t  ion  qui  n'est  pas 
observE  dans  le  caa  de  la  rEsine  pure  s'accompagne 
d'un  dEgagemer.t  .mportant  do  CO  et  d'une  corrosion 
rapide  dea  thermocouplea  plat ine-plat Ine  rhodtE 
qui  est  attnhuEc  A  la  diffusion  de  SiO. 

Paral lileaent  des  essais  d'analvse  ihermique 
Ui f fErent lei le  rapide  avec  chauffage  par  haute 
frEquence  met  tent  en  Evidence  dNs  I4D0I’C  une 
rEacimn  su f f laaament  endot hermique  et  rapide  pour 
limner  1’S  tempEratures  maximales  attetntes  dans 
le  domaino  des  puissanros  foumtes  par  le  gEnEra- 
letir  II.  K.  On  observe  un  fort  dEgagement  gaznux 
dont  la  part le  condensable  est  identifier  comme 
Sio  et  I 'sut  re  part  in  comae-  CO. 

I l  ressort  do  ces  expErtenres  que  Is  dt apa¬ 
rt!  ion  dr  la  all  ice  pro\ lent  rasrnt tel lemeht  de 
Is  react  ion  rlubtle 


StO.. 


So'  gas  »  to  gas. 


O'aiHeurs  aux  temperatures  de  surface  f^yixxi ’’r) 
me*  irEt-a  au  coura  de*  eaaaia  d'al  lxtion  s  ir  Irfllour 
lea  preseions  part  i«-l  les  ,|»*  sio  *ot,t 


I 


33-8 


(1)  dissociation  de  la  silica 

(2)  reduction  da  3102  par  H2 

(3)  reduction  da  S102  par  C 


10  bars 
10"2  bars 
1  bar. 


at  m  t 


,St 

AHi 


2,8  10"2  g/cm2  s. 


La  chalaur  efficaca  d'ablatlon  4tant 


Ellas  lndiquent  qua  la  reaction  (3)  dolt 
s'effectuer  k  une  vltassa  baaucoup  plus  41 avia 
qua  las  deux  autres  qul  peuvant  St  re  negligees, 

II  faut  tenir  compte  da  1 'action  oxydar.te  das 
gaz  da  l'icouleaant  qul  concurranca  calla  de  la 
silica  sur  la  rislne  pyrolyse*.  Toutefols  aux 
temperatures  da  parol  observies,  la  silica  non 
ridulte  ast  un  liquida  visquaux  qul  forma  un  film 
protacteur  at  las  rise t ions  antra  constltuants 
pauvant  s'effectuor  normal ament  tout  au  noins 
loraque  la  t.tipiratura  da  la  couche  reactlonnelle 
ast  auf fisamme- t  AlevSe. 

5.2  -  Bilan  thermiquo 

Pour  la  coaposlte  silica  phinollque  las 
transformations  essentlelles  dependent  pau  da  la 
composition  da  l'icoulemant  gazaux  at  an  riglme 
etstionnaira  alias  se  diveloppent  pratiquaoarit  de 
telle  manlire  qu'il  y  a  4gallt4  antra  lea  quant i- 
t4s  da  chalaur  transmlsas  par  convection  at  cel las 
absorbies  dans  l'ablation.  Cast  done  par  bllan 
thermlque  qu'on  paut  determiner  la  vltasas  d'abla- 
tion. 

En  admettant  qua  la  reaction  : 


faff. 


-AH' 


St 

17* 


3150  cal/g. 


Bilan  de  masse 


En  1' absence  das  mesuras  das  concentrations 
i  la  parol,  1 'iquation  du  bllan  de  masse  ne  paut 
fttre  risolue  de  la  mime  manifere  qua  calla  du 
bllan  thermlque. 

Si  on  considers  la  corps  simple  allicium 
qul  ast  present  dans  la  matiriau  mala  absent  dans 
1 '4cou lament ,  on  a  : 

M3  - 

*  0,326  pour  la  composite  4tudi4. 

D'autre  part  la  comparalson  das  4quations 
de  base  aontre  qua 

t+u>.r<Si)  Hj.h, 

rjf'lrj?  ah; 

(1 'emission  pariitale  fournissant  une  quantiti 
de  slllclum) 


SlOj  ♦  C 


S10  gaz  +  CO  gaz  (3) 


Co,  P, 

/*/*-—-  -A»eL- _ 5 


0,088. 


ast  la  reaction  dominants ,  alia  consomme  dans  la 
cas  du  composite  utilise  (70  %  da  silica,  30  % 
de  rislne  phinollque)  0,140  g  de  carbone  par 
gramm  da  matirlau.  Avec  la  rislne  employe*  11 
rest e  0,052  g  de  carbon*  en  excis  et  on  suppose 
dans  la  suite  qua  ce  carbone  excidentaire  eat 
oxydi  par  ie  gaz  de  combustion. 

D'aprda  la  reference  [9]  la  quant lt4  de  cha- 
leur  absorbie  par  la  reaction  (3)  compte  tenu  de 
la  chalaur  d'4chauff*a*nt  des  riactifs  et  da  cells 
de  la  pyrolyse  de  la  risine  eat  : 

r^pyrolyae*  ^4chauft.+  ^reaction]  2a50.K 
196  kilocalories/mole  SiOj  r4dutte. 


4  +1112 

mT 

Ce  allicium  ae  trouve  souj  forme  de  SiO  et  compte 
tenu  das  masses  molaires  en  jeu  la  fraction  de 
SiO  k  la  parol  eat  : 


pS.O 

r 


0.137 


ce  qul  correspond  4  une  preasion  partielle  dans 
las  conditions  d'essais  de  l'ordre  de  0,?3  bars. 

5.3  -  Compartiaon  avec  las  result  at  a  experi¬ 
ment  aux 

Las  valeura  experiment  ales  de  m^et  des 
chaleurs  afficaces  d'ablatlon  ~ 


Cette  valeur  ramanie  au  gramma  da  mat4riau 

consomme  eat  4gale  k  3500  calories  et  l'ablation 
de  la  r4alne  exc4dentaire  contenue  dans  ce  gramme 
absorbs  180  calories,  Au  total  la  chalaur  abacrb4* 
par  gramme  de  materiau  ast  : 

AH;  •  2500  ♦  180  .  2**0  cal/g. 

n 

L**q\j*Mon  du  biltn  thvmiqu*  mi 

ah;  =/>* it  (H:  sy, 

-  puS* 

Dans  las  assala  affectues  au  brdleur  oxyg*ne- 
k4roa4ne  lea  conditions  eaperlaontalss  moyennea 
so- 1  : 


f>U  •  48  g/cm2s 
^'^1250-*  *  *”  C“  » 

U 

'  ah;/ 


On  trouve 

St 

St* 


-SdS l 

ah; 


St  .  1,15  10* 


e  0.85 


(?  des  maquettes 

en  composite  silica  ph4nollqu*  sont  asses  disper- 
s4es  mala  lea  ordras  da  grandeur  sont  en  bon  accord 
avec  les  valeurs  th4oriques. 

Cette  dispersion  ne  paralt  pas  1 i4e  k  la 
dansite  du  mat4riau  main  les  vitessea  d’ablatlon 
les  plus  faibles  correspondent  aux  profits  d’abla- 
t ion  les  plus  r4guliers.  Dans  ce  cas  la  vltesse 
experimental*  eat  environ  12  %  plus  faible  qua  Is 
valeur  th4orlque  ;  le  sens  de  1 *4cart  s'axplique 
d'une  part  par  les  quantit4s  de  chalaur  absorb4es 
dans  la  couch*  pyrolyse*  relativemant  4paisae  et 
d'autre  part  par  la  transparence  au  rayonnement 
de  la  silica  qut  paut  fausser  la  assure  de  la 
temp4ratur*  de  parol  par  pyromfcire  1.8. 

Le  diagrama*  8  4tabli  suivant  les  donn4*s 
de  Poeh  et  Dietsel  [9]  represent*  les  isotherm** 
d'equilibr*  des  phases  solides  SlOj-  SIC  ; 

SlOj  -  Si  et  SiOg  -  C  en  fraction  das  logarithms* 
des  preastom*  de  CO  et  SiO. 

L'analys*  de*  residua  pyrolyse*  des  maquettes 
rdvdle  '.a  presence  en  quantltd  trds  faible  de  SIC 
et  de  Si  indlquant  par  It  un*  piloritd  absolue 
k  la  format  ion  des  prodults  volatiles.  En  phases 
condense**  Is  processus  d'ablatlon  a'effectu* 
ndeeasalrement  dsns  un*  couch*  d'dpalseeur  finis 
c "est-A-dl r*  k  cause  de  la  faible  conduct ibil lid 
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FIG.  8  -  ISOTHERMES  DU  DIAGRAMME  DE  PHASES 
DU  SYSTEME  Si-C-O. 


— —  Equllibre  SiO,  SiC,  phase  gazeuse. 

- ——Equllibre  S102-S1 ,  phase  gazeuse. 

_*  _  Equllibre  SlOjC,  phase  gazeuse.  Los  easals  effectuis  sur  dee  brflleurs  ont 

—  j— —  jEquilibro  S1C-S1,  phase  gazeuse.  confirme  de  naniire  satisfaiaante  ce  point  de  vue 
-  +  -  +  Equllibre  SIC,  C.  et  dans  le  tableau  3  on  resume  les  principes  de  base 

de  cette  representation  schdmatique  de  1 'ablation. 

thermique  du  materlau  en  presence  de  for.s  gra¬ 
dients  thermlques.  II  faut  egalement  que  la  pres-  II  convient  de  remarquer  qu'en  raison  des 

sion  des  gaz  formes  soit  superleure  1  la  pression  valeurs  eieveos  des  chaleurs  d'ablatlon  obaervies 
de  l'ecoulemont  pour  qu'ils  puissent  s'echapper.  au  cours  des  essais  on  ne  volt  pas  quels  autres 

processus  que  ceux  qui  ont  ete  mont tonnes  pourralent 
En  negllgeont  l'apport  gazeux  ce  la  pyrolyse  expllquer  les  resultats  obtenjs. 
de  la  reslne,  le  diagramae  eon tie  que  la  pression 

totals  des  gaz  formea  pout  *tre  sufflsaaaent  eie-  TABLEAU 

vie  lorsque  la  temperature  de  la  couche  reaction- 
nelle  est  superleure  k  I750°K  et  que  la  pression 


partielle  de  SiO  peut  Stre  de  l'ordre  de  la  valeur 
calcuiea  (0,28  b)  lorsque  la  temperature  y  est 
superleure  &  2000°K.  Pour  la  temperature  de  parol 
mesuree  (  /v22SO°K)  la  pression  d'equllibre  de 
SiO  est  volslne  du  bar.  Ainsi  le  resultat  calcuie 
n'est  pas  incompatible  avec  les  valeurs  d'equllibre 
et  d' autre  part  on  volt  que  les  transformations 
dolvent  s'effecluer  easentiellement  dans  la  cou¬ 
che  de  materlau  dont  la  temperature  est  superleure 
&  17  50°K.  II  est  permia  de  per.ser  que  l'epaiaseur 
de  la  couche  reactlonnelle  eat  un  facteur  Important 
et  des  resultats  assez  different s  de  ceux  obtenus 
seraient  observes  si  cotte  epaisseur  6teit  lnsuf- 
flsante. 

CONCLUSION 

L'etude  de  la  pyrolyse  de  materlaux  k  base  de 
l-eslne  phenol lque  effectuee  au  laboratolre  par  Jes 
methodes  claaslques  de  chauffage  el  d'onalyse  a 
montre  qu'A  haute  temperature,  les  produits  gazeux 
formes  sont  peu  nombreux,  essentiellement  CO  et 
H2  ou  bien  SIO  et  CO  [6]  ,  [8]  et  que  le 
processus  chlmique  conduiaant  k  cea  prodults  peut 
#tre  represente  globalement  par  une  simple  equa¬ 
tion  chimique, 

A  partir  de  cea  resultats  11  devient  possible 
d'etablir  une  representation  sehomatiqu*  de  l’abla- 
tion  d 'un  de  ces  materiaux  lo.-aqu'll  est  soumis  k 
1 'action  d'ecoulements  de  caracterlstiques  connues, 
ces  ecoulements  fournissant  l'ertrgie  necessaire 
et  les  react ifs  complement aires  suivont  les  lols 
habituello:  de.  transierts  4  travers  les  couches 
limites  turbuler.tes. 


I  -  Ablation  gouveme#  par  les  reactions  chimiques  entre  gaz  de  l'ecoulement  et  la  parol 

par  bllan  de  masse 


Effet  de  1 ‘emission  parietsle  de  gaz 
(approximation  de  Spalding) 


PC  ,,/»• 

rr  '^n 


II  -  Ablation  gouveme*  par  les  reactions  chimiques  entre  constituents  du  materlau 


Equal  Ion  ehtmtqu 
fiwdaaent  ale 


Energio  |  Energte 
absorb**  foumie 


j  Effet  de  1 'emission  parietal*  do  gaz 
i  (approximation  de  Spalding) 
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SUMMARY 


THE  MASS  SPECTROMETRIC  method  has  proved  to  be  a  powerful  tool  for  identifying  new  high 
temperature  species.  The  principle  of  the  method  is  discussed  together  with  the  thermodynamic 
procedures  employed  in  the  treatment  of  the  data.  In  particular  the  thermodynamic  behavior  of 
the  evaporation  process  of  metal-carbon  systems  at  high  temperatures  is  discussed,  in  the  light 
of  recent  mass  spectrometric  results,  A  comparison  with  the  thermodynamic  properties  of  gaseous 
metal-oxide  species  is  presented,  A  correlation  between  isosteric  and  1  soelectronic  molecules 
composed  of  IV-IV,  III- V  and  II-VI  group  elements  is  reported. 


LIST  OF  SYMBOLS 


A  =  Constant  equal  to  215  kcal 

D°  =  Dissociation  energy 
o 

e.  u.  =  Entropy  unit 
GT'Ho 

— — - =  Free  energy  function 

g*-h° 

A( - — — — )=  Free  energy  function  variation  for  the  specified  reaction 

AH0  r  Standard  enthrtpv  of  reaction  at  0*K 
o 

AH0  =  Atomization  energy  of  crystals 
o  atom 

AH^,  =  Enthalpy  of  reaction  at  temperature  T 
it  =  Ion  intensity  of  the  isotope  i  of  the  species  detected 
K  =  Equilibrium  constant  of  reaction 
P  =  Partial  pressure  of  gaseous  species 
Q  =  Total  partition  function 

Q  Electron  contribution  to  the  total  partition  function 

=  Translational  contribution  to  the  total  partition  function 

Q  =  Vibrational  contribution  to  the  total  partition  function 
vibr 

Q  =  Rotational  contribution  to  the  total  partition  function 
rot 

S  =  Sensitivity  factor  of  the  mass  spectrometer 


T  =  Absolute  temperature 

Ok  =  Dimentionless  parameter  equal  to 


A  H°  - 

_ o  ~tom.  Ms 


Oj*  Total  electron  ionization  croas-aection 
Y  -  Electron  multiplier  gain 


R  -  Gaa  constant 
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THE  STUDY  of  the  thermodynamic  behavior  of  the  evaporation  process  of  solids  at  high  temperatures 
is  strictly  related  to  the  knowledge  of  tho  composition  of  the  gas-phase  in  thermodynamic 
equilibrium  with  the  condensed-phase.  One  of  the  most  irrportant  generalizations  which  can  be 
established  in  high  temperature  chemistry  is  the  so  called  "Brewer's  paradox".  It  asserts  that  for 
the  vast  majority  of  systems  of  interest  in  high  temperature  chemistry  the  complexity  of  the  gas- 
phase  in  thermodynamic  equilibrium  with  the  condensed  systems  increases  with  rising  temperature. 
This  proposition  finds  its  justification  on  the  basis  of  simple  statistical-thermodynamic  arguments  (111 

THE  COMPLEXITY  of  the  gas  phase  shows  itself  not  only  in  the  variety  of  the  molecular 
species,  but  also  in  the  presence  of  unfamiliar  oxidation  states.  One  finds  for  instance  for  Lithium 
the  2+  oxidation  state  in  the  stable  LiO  mmecule,  while  Aluminum  gives  rise  to  molecules  Al^O 
and  AlO  i*  which  the  Aluminum  is  in  the  1+  and  2+  oxidation  state.  Some  inorganic  systems  vaporize 
predominantly  to  polymers:  e.  g.  from  graphite  (2);  (CuCIL  in  equilibrium  with  solid  CuCl  (3k 
and  Mo,Og,  Mo^O  ^  and  Mo^O  over  solid  MoC^  ,'4).  Only  aTimited  number  o'  high  temperature 
molecular  spacies  were  known  from  spectroscopic  studies.  In  particular  the  preaenc*.  -f  and 
SiC7  was  ascertained  by  spectroscopic  observations  of  cool  stellar  atmospheres.  The  existence 
of  ofner  species  could  be  deduced  through  a  skilful  use  of  thermodynamics  in  treating  Knudsen 
effusion  data. 

THE  ADVENT  of  the  mass  spectrometric  technique  has  given  an  important  impulse  to  the 
furthering  of  the  wealth  of  knoledge  of  high  temperature  molecules,  disclosing  at  the  same  tine 
some  of  the  patterns  of  behavior  that  can  be  found  for  high-temperature  inorganic  systems. 

IN  THIS  PAPER  the  principle  features  of  the  mrss-spectrometric  method  will  be  described 
together  with  the  thermodynamic  methoeh  used  h  the  elaboration  of  experimental  data,  while,  for 
more  comprehensive  coverage  of  the  subject,  other  specialized  articles  may  be  consulted  (5,6). 

THE  COUPLING  of  the  Knudsen  molecular  source  with  a  mass  spectrometer  of  the 
Inghram-type,  vertical  mounting  is  shown  in  Fig.  !.  The  identification  of  the  molecular  species 
is  normally  accomplished  by  this  method  in  four  steps: 

a.  mass-to-charge  ratio  determination 

b.  isotopic  distribution 

c.  appearance  potential 

d.  intensity  distribution  in  the  molecular  beam. 

AN  EVALUATION  of  the  bond  strenght  in  the  molecule  can  be  derived  in  some  cases  from 
the  shape  of  the  ionization  efficiency  curve  showing  the  occurrence  of  dissociative  ionization 
processes.  The  intensity  distribution  in  the  molecular  beam  allows  one  to  discriminate  species 
effusing  through  the  cell  orifice  from  species  vaporizing  from  the  surrounding  shields.  Partial 
pressures  of  the  species  detected  can  be  directly  determined  by  means  of  tk  -elation: 


S a  .  y .a, 

+  1 

where  I.  represents  the  ion  intensity  of  the  isotope  i  of  abundance  a.,  T  the  temperature  of  the  cell, 
S  the  sensitivity  factor  of  the  mass  spectrometer,  o.  the  electron  ionization  cross-section  and  y 
the  electron  multiplier  gain. 

THE  THERMODYNAMIC  treatment  of  the  evaporation  data  can  be  carried  out  using  two 
independent  methods,  namely  the  so  called  second-law  and  third-law  methods.  The  second-law 
method  consists  essentially  in  the  use  of  the  Van't  Hoff  equation: 


d  In  K 


d(T> 


THE  THIRD-LAW  method  is  based  on  the  relation: 

L  H°  Gi,  -  H° 

-rr2  ■  -  R  In  K  -  a  (—— — -) 

CT  '  Ho  T 

where  ( - — - )  ■  -  RT  In  Q  and  the  total  partition  function  is  taken  a*  Q  *  Q  ,Q  Q  .  Q  . 

T  el  tr  vibr  rot 

fill  ,  according  to  the  cases  considered,  may  correspond  to  the  heat  of  the  reaction  at  0*K,  or  be 
a  measure  of  the  cohesive  energy  of  crystals,  or  the  dissociation  energy  of  diatomic  molecules, 
or  their  atomization  energy.  The  knowledge  of  the  free  energy  functions  of  the  molecular  species 
is  implied  in  the  application  ol  the  third-law  method.  There  is  s  lack  of  knowledge  of  spectroscopic 
data  for  accurate  free  energy  functions  calculations  for  a  large  number  of  high  temperature 
species.  Nevertheless  a  reliable  eveluation  of  these  parameters  can  be  made  in  most  cases, 
following  analogic  criteria  and  resorting  to  empirical  correlations  between  interatomic  distances 
and  force  constants  (7,  8,  9). 

TABLE  1  CONTAINS  a  summary  of  the  spectroscopic  assumptions  utilized  for  the 
calculations  of  the  free  energy  functions  for  a  number  of  di carbide  molecules.  Free  energy 
functione  variations  relative  to  a  set  of  rare-earth  dicarbide  species  are  included  in  Fig.  2. 
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An  analysis  of  the  diagram  shows  that  the  corresponding  values  differ  from  each  other  by  about 
one  entropy  unit.  A  rough  estirrate  of  about  16  e.  u.  of  this  parameter  for  the  remaining  rare- 
earth  carbides  can  be  made.  One  can  point  out  that  such  an  estimate  at  2000“K  would  be  reflected 
in  an  uncertainty  for  AH  of  reaction  of  about  4  Kcal. 

THE  EVALUATION  of  physical  and  chemical  stabilities  (10,  11)  of  high  temperature  species  is 
of  particular  importance  in  deriving  correlations  between  thermodynamic  properties  of  compounds 
along  the  periodic  sy  stem.  Comparison  of  iso  steric  and  isoelectronic  molecules  for  a  number  of 
systems  makes  it  possible  to  predict,  from  knowledge  of  the  heat  of  atomization  of  the  solid  phase, 
the  dissociation  energy  of  the  heteronuclear  gaseous  species  and,  therefore,  the  experimental 
conditions  for  their  observation.  GaAs  molecules  was  observed  using  double-oven  technique 
coupled  with  a  mass  spectrometer,  as  was  deducted  from  thermodynamic  considerations  (12). 

A  typical  example  of  this  type  of  correlation  is  represented  by  Table  II  which  contains  o<  value 
for  isoelectronic  molecules  composed  of  IV -IV,  III-V  and  II-VI  group  elements. 

A  CORRELATION  between  monoxide  and  dicarbide  gaseous  species  has  been  established  (13) 
and  is  summarized  by  the  relation: 

P  (MeC,)  A-D°  (MeO)  1  (G‘  -  H°) 

. _ £_  .  o _  _  .  T  o 

P  (Me)  '  "  R  T  '  R  T 


where  P  (MeC^)  and  P  (Me)  represent  the  equilibrium  partial  pressures  of  the  di carbide  and  the 
metal  species  over  carbon-rich  metal-carbide  phase:  A  a  constant  equal  to  215  kcal  and  D  (MeO) 
the  dissociation  energy  of  the  corresponding  gaseous  monoxide  species. 

(CT  -  H? 

A  - — — -  is  relative  to  the  pressure  independent  reaction:  Me,  .  +  2C,  ,  — ►  MeC.,  The 

T  v  r  (g)  (s)  2(g) 

relation  allows  one  to  predict  the  relative  concentration  of  dicarbide  species  to  metal  atoms  for 
metal-carbon  systems,  when  the  thermodynamic  properties  of  the  corresponding  monoxide  gaseous 
species  are  known.  The"tiversion  temperature  point”  can  be  evaluated  from  this  equation  showing 
the  onset  of  the  temperature  range  in  which  the  dicarbide  vaporizes  congruently.  Table  III  indicates 
a  comparison  between  bond  energy  of  gaseous  dicarbide  and  gaseous  monoxide  species  which  have 
been  studied  to  date. 

IN  ADDITION  to  dicarbide  molecules,  tetracarbide  species  of  high  physical  stability  were 
observed  in  the  evaporation  of  rare-earth  carbon  systems  (14).  These  findings  suggested  the 
extention  of  the  above  correlation  to  the  dioxide  molecules,  as  CeC>2  and  HoO^  for  which  atomization 
energies  of  about  370  and  350  kcal/mole  1  were  predicted. 

RARE-EARTH  CARBON  systems  have  been  extensively  studied  in  our  laboratory  (15,  16,  17,181 
For  calculations  of  the  thermodynamic  properties  of  vaporization  processes  the  following  reactions 
were  considered: 

MC, 


MC 


^2(s) 

MC2<.r> 

M(g»+2C(S)  - 
MC2(g)+2C(.) 


M,  .  +  2C.  . 
(g)  (s) 


2(g) 

MC, 


2(g) 

MC4(g) 

ON  THE  BASIS  of  the  data  so  far  accumulated,  some  general  considerations  can  be  made  as 
to  the  composition  of  gas-phase  and  volatility  oi  the  lanthanide  dicarbides.  The  less  volatile  rare- 
earth  dicarbides  vaporize  predominantly  to  elements  and  c*rbides  gaseous  molecules  (the  gaseous 
dicarbide  being  the  predominant  polyatomic  species)  while,  Samarium  and  Ytterbium  give  rise 
only  to  gaseous  metal  as  equilibrium  vapor  species  in  the  ranges  of  temperature  explored.  The 
MeC^/Me  ratios  range  from  1.  6  to  1  at  2500*K  for  La,  0.77  at  2273*K  for  Cc  and<  C100001  for  Yb 
in  the  range  1280-1485*K.  The  enthalpy  of  evaporation  of  a  dicarbide  to  MC  .  .  is  usually  greater 
than  the  enthalpy  of  evaporation  to  M.  .  +  2C,  .  and,  consequently,  the  evaporation  by  the  di  carbide 
mode  is  favoured  by  increasing  temperature.  The  characteristic  behavior  of  Ce-C  system  is  shown 


in  Fig.  3. 

ACCURATE  VALUES  of  total  vapor  pressures  of  carbon-rich  rare-earth  di  carbide  phase 
are  poor.  From  mass-apectrornetric  results  one  can  make  an  evaluation  of  the  volatility  of  these 
systems,  obtaining  at  2000*K  typical  total  pressures  ranging  fron  ®  for  LaC  ,  10"^  for 

CeC2,  10-6  i or  HoC  to  10°-2  for  SmC  1 0~ *-  5  for  EuC2  and  tO"1-4  for  YbCj. 

THE  IDENTinCATION  of  new,  unfamiliar  vapor  species  threw  new  light  on  the  understanding 
of  the  thermodynamic  behavior  of  the  evaporation  process  of  solids  at  high  temperature.  The  mass 
spectrometric  method  has  proved  to  be  the  most  powerful  tool  for  analysing  the  composition  of  high 
temperature  gas-phase.  However  this  technique  presents  some  limitations,  particularly  in 
connection  with  the  lack  of  direct  informations  as  to  the  conformation  and  structure  of  the  detected 
molecules.  In  addition  relatively  large  uncertainties  are  associated  in  some  cates  to  the  elec.ron 
ionization  cross  sections  values,  which  are  reflected  directly  in  the  determination  of  the  equilibrium 
partial  ,  resaures  of  the  species. 


AN  INCREASING  number  of  high  temperature  scientists  is  nowadays  being  interested  in 
the  application  of  optical-spectroscopy  to  the  study  of  high  temperature  molecules.  Infrared 
spectroscopy,  the  matrix  isolation  technique  for  trapping  high  temperature  species,  electron 
diffraction  and  microwave  spectroscopy  are  supplementing  mass  spectrometry  as  tools  for  the 
study  of  high  temperature  gas  phase-condensed  phase  problems  and,  even  though  intrinsic  and 
severe  difficulties  are  encountered, their  use  is  highly  promising. 
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TABLE  I  -  Summary  of  spectroscopic  assumptions  for  free  energy  functions  calculations  of 
gaseous  dicarbides. 


Molecule 

r 

Me-C 

dyn/cm 

r 

e 

X 

W1 

cm"  * 

2(d.  d. ) 
cm"  * 

"3 

cm*1 

.(Sljjft) 

'  T  '2000*K 
cal.  mole”  •  deg” 

BC2  (a) 

•  • 

1.  28 

1300 

550 

2200 

66.7 

SiC2 

2.  9*  105 

1.  90 

591 

465 

1742 

67.  9 

ScC, 

3.  3*  105 

1.  75 

600 

310 

1710 

74.  1 

GeC. 

2,4*  105 

1.99 

460 

454 

1718 

66.58 

>< 

a 

r\j 

5.  74"  105 

2.39 

659 

436 

1761 

72.91 

LaC2 

5.  56*  105 

1.  94 

630 

400 

1772 

67.  20 

CeC 

6.  24-  105 

1.98 

655 

458 

1773 

78.94 

P,C2 

5.64*  105 

1.98 

629 

458 

1757 

77.78 

NdC2 

5.64-  105 

1.98 

628 

458 

1757 

77.  85 

h°c2 

5.  94*  105 

1.98 

636 

458 

1765 

78.  11 

ThC2 

5.  5'  105 

1.90 

592 

399 

1756 

74.  60 

(a)  analogy  with 


TABLE  II  -  of  values  for  isoelectronic  molecules  composed  of  IV -IV,  III-V  and  II-VI  group 
elements. 


<*  =  0.  5  2H°  [at.  Mex]  /D°  (MeX) 

O  ■"  *0 

IV -IV 

III-V 

II-VI 

c:2  -  1. 19 

BN  =  1.48 

BeO  =  1.  32 

s»2  =  1.45 

A1P  =  1.  82 

MgS  t  1.68 

Ge2  =  1.  37 

GsAs  =1.61 

ZnSe  =  1.  92 

Sn2  =  1.57 

InSb  =  1.90 

CdTe  £1.  55 

Pb  =  2.  1 

TIBi  =  1.  98 

1  -  Knudten  effuaion  cell  and  ionization  aource  aaaerrbly  for  thermodynamic 
equilibrium  etudie*. 

K-  Knudaen  cell;  T -  bombarding  filament;  S-  rediotion  ehieldt;  f  -  windova 
for  temperature  rr.eaiurement;  D-  movable  beam  defining  alit;  A-  ionization 
chamber;  B-  ion  beam  defining  and  accelerating  aytiem;  P-  to  pumpe. 
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RESUME 


On  a  determine  expdrimentalement  la  vitesse  lindaire  de  regression  d'6chant.illons 
cylindriques  comprimds  de  perchlorate  d' ammonium  dans  un  dcoulement  gazeux  combu¬ 
stible.  Les  paramdtres  pris  en  consideration  sont:  ia  nature  et  l’epaisseur  de 
l'inhibiteur  iatdrale  de  combustion;  la  geom6trie  des  specimens;  la  granulometrie 
des  poudres;  la  nature  et  le  debit  du  gaz  combustible;  la  dilution  lu  gaz  combusti 
ble;  la  nature  et  le  pourcentage  de  '  additifs  mdtalliques;  la  nature  et  le  pour- 
centage  des  catalyseurs  de  la  decomposition  thermique  du  perchlorate  d' ammonium; 
l'Ctat  de  surface  des  additifs;  l'addition  du  perchlorate  de  lithium.  L'effet  do 
la  pression  a  ete  lui  aussi  examine  mais  en  conditions  statiques.  D'autres  resui- 
tats  concernent  l'allumage  et  le  delai  d' ignition  de  melanges  non  comprimfes  con- 
tenant  le  perchlorate  d'ammonium  et  des  mdtaux. 

Les  rfsultats  experimentaux  montrent  que  les  additifs  les  plus  valides  pcur  faci- 
liter  la  combustion  du  perchlorate  d'ammonium  sont  les  metaux  16gers  et  le  tita¬ 
nium;  une  influence  particulxSre  est  due  3  Cu^O  et  au  cuivre  rdduit.  L'effet  du 
dernier  est  encore  plus  sensible  si  l'on  opdre  sous  pression:  dans  ces  conditions 
un  melange  comprime  du  comburant  avec  le  cuivre  rdduit  brflle  tr6s  rapidement  dans 
une  atmosphere  soit  d'hydrogfene  soit  d'azote.  L'aluminium  et  le  magnesium  rdsul- 
tent,  au  contraire,  bien  plus  efficaces  que  le  cuivre  rdduit  pour  diminuer  le 
d61ai  d' ignition  de  propergols  composites  contenant  le  perchlorate  d'ammonium 
et  un  m6tal. 

Les  mdsures  de  vitesse  lindaire  de  regression  ont.  6td  effectudes  dans  un  disposi- 
tif  qui  rappelle  la  bombe  Crawford;  les  experiences  relatives  au  ddlai  d' ignition 
ont  dt6  rdalisdes  &  travers  une  cellule  photodlectrique . 
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L' IMPORTANCE  dts  propergols  composites  dans  le  domaine  de  la  propulsion  justifie 
les  nombreux  Atudes  dgdids  aux  comburants  solides  pendant  ces  derni&res  anndes. 

En  g6n6ral  on  utilise  comme  oxydants  des  sels  cristallines  (nitrates  et  perchlo¬ 
rates)  d'61cmer.ts  chimiques  ayant  un  poids  molSculaire  pas  61Av£. 

Le  perchlorate  d' ammonium  NH4CIO4  (que  nous  indiquerons  en  suite  plus  briivement 
par  le  sigle  AP)  est  actuellement  le  comburant  le  plus  employ^  et  par  consequent 
le  plus  dtudifi.  Cela  depend  aussi  du  fait  que  AP  manifeste  des  propriety  bien 
particulidres  et  que  l'dtude  en  laboratoire  de  tel  perchlorate  rdsulte  moins  dif- 
ficulteux  que  pour  d'autres  combur'"- 1 - 

Puisque  AP  brflle  sans  laisser  des  r«.  5,  : 1  peut  etre  facilement  employe  comme 

oxydant  solide  dans  un  processus  do  ,ui.ioustion  hybride.  La  vitesse  de  regression 
de  l'oxydant  est  dans  ce  dernier  cas  un  paramfitre  fondamental  pour  le  projet;  en 
outre  cette  vitesse  influence  de  fagon  remarquable  la  thermodynamique  de  la  com¬ 
bustion  puisqu'clle  determine  la  richesse  du  melange  et  done  la  temperature  de  la 
flamme,  une  fois  choisi  le  debit  de  combustible. 

La  vitesse  de  decomposition  de  AP  a  fait  l'objet  d'une  attention  spgciale.  Dans 
les  laboratoires  de  l'ONF.RA  (1)  (2)  (3)  on  a  mesure  la  vitesse  de  combustion  de 
spheres  de  AP  placees  dans  un  ecoulement  gazeux  combustible,  en  considerant  ce 
module  le  pi  us convenable  pour  representer  la  combustion  reelle  d'une  poudre  compo¬ 
site.  En  effet  on  peut  assimiler  les  enstaux  de  AP  £  des  spheres  trSs  petites 
se  decouvrant  d'une  maniSre  progressive  pendant  que  le  combustible  servant  comme 
liant  pyrolyse. 

D'autres  rechercheurs  ont  examine  la  vitesse  de  pyrolyse  (4)  (5)  ou  de  deflagration 
(6)  (7)  (8)  (9)  (10)  (11)  de  AP  dans  la  convinction  que  la  vitesse  de  combustion 
du  meme  est  controlee  respectivement  par  ie  processus  de  pyrolyse  ou  deflagration. 
Enfin  la  vitesse  de  combustion  des  poudres  composites  basees  sur  AP  a  ete  itudiSe 
directement  (12)  (13)  (14)  (15)  (16)  (17)  (18). 

Toutefois  la  comprehension  des  complexes  ph6nom£nes  qui  se  rattachent  £  la  combu¬ 
stion  de  AP  a  uemande  un  remarquable  effort  pour  la  connaissance  des  proprietf-s  de 
base  du  perchlorate,  en  particulier  pour  ce  qui  concerne  le  comportement  de  AP  au 
chauffage  (19)  (20)  (21)  (22)  (23)  (24).  On  a  etudi6  aussi  1'influence  de  la  pre¬ 
sence  de  differents  additifs  qui  catalysent  les  reactions  de  decomposition  thermi- 
que  (25)  (26)  (27)  (28)  (29)  (30)  (31)  (32)  et  d'ignition  (31)  (32)  (33)  (34). 

En  general  la  recherche  relative  £  AP  est  essentiellement  exp6rimentale  et  a  suivi 
jusqu'£  ce  moment  deux  directions  principales: 

-  determination  directe  des  paramdtres  concernant  la  combustion  de  AP  pur  ou  en 
melange  dans  des  poudres  composites; 

-  etude  des  proprietes  physico-chimiques  de  AP. 

Le  premier  point  de  vue  emm£ne  £  des  r6sultats  int6ressant  la  technologic  de  la 
prorulsion  par  fus6es,  le  deuxiSme  point  de  vue  a  surtout  pour  but  de  proposer 
des  moddles  qui  expliquent  ces  resultats  et  puissent  prfvoir  les  comportcments  de 
AT  Jans  des  differentes  conditions  op6ratoires.  D'autre  cotf  des  traitaisons  ma- 
thematiques  de  la  combustion  de  comburants  ont  ete  aussi  essayees  (8)  (12)  (35), 
mais  elies  ne  semblent  pas  avoir  compldtement  resolu  le  probl£me. 

Le  present  travail,  en  considdrant  1' importance  future  de  la  propulsion  hybride 
et  l'actualite  des  poudres  composites,  a  ete  d6velopp6  selon  le  prenier  point  de 
vue . 

Nos  mesures  se  rappoitent  surtout  a  la  vitesse  Jin6aire  de  regression  d‘6chantn- 
Ions  de  AP,  purs  ou  conter.ant  differents  additifs,  places  dans  un  ecoulement 
gazeux  combustible.  Les  experiences  ont  ete  done  fait 'S  selon  le  module  utilise 
chez  les  laboratoires  de  l'ONERA,  e'est  £  dire  en  conditions  dynamiques  ilutot 
que  statiques,  bien  que  les  mesures  soient  effectuees  selon  ie  systSme  .\s  au 
point  par  Crawford  (36)  pour  la  borabe  omonyme. 

DISPOSITION  EXPERIMENTAL!: 

Les  mesures  sont  effectudes  en  plagant  les  Jchantillons  dc  AP  3  1'interieur  d'un 
rfacteur  aux  parois  transparents  dans  lequel  on  envoie  le  ga:  combustible.  L' igni¬ 
tion  est  donnfe  par  un  fil  chauff6  eiectriquement. 

Le  circuit  pneumatique  de  1 ' instal lat ion  est  rapporte  dans  la  fig.  1.  Le  reacteur, 
en  acier  inoxydaMe,  est  constitu6  par  deux  flanges  sim6triques  renfermant  un 
cylindre  en  pyrex  (fig.  2  ).  Les  specimens  sont  soutenus  par  des  supports  en 
pyrex. 

Les  fchantillons  de  comburant  sont  des  cylindres  obtenus  par  compression  de  rarti- 
cules  prdeddemment  pulverisdes.  Pour  que  la  combustion  soit  "3  sigarette,,,  e'est 
3  dirt  par  surfaces  pnralliles,  les  cylindres  sor.t  enrobes  latdralement  par  un 
inhibitcur.  Enfin  les  dchantillons  sont  pereds  diamet ralcment  pour  logcr  les  fils 
de  repdro. 

Pour  ce  qui  concerne  les  autres  ddtails  de  la  disposition  expfrimentale  voir  (57) 

(38)  C.9)  . 

La  vitssse  lindaire  de  rdgression  est  ddterminde  par  le  temps  ndeessaire  pour 
hrOlcr  la  longueur  de  l'dchantillon  comprise  entre  les  deux  repdres. 

Le  perchlorate  d'amsonium  ect  fourni  par  B.D.H.  avec  un  titre  pas  infericur  au  991 
les  principales  impuretds  en  dtant  SOi  (0,021),  Cl  (0,011),  Fe  (0,0011),  Pb  (0,00111 
Its  ga:  purs  sont  fournis  par  S.I.O.;  les  poudres  mdtailiques,  les  catalyscurs  dc 
la  decomposition  thermique  de  AP  et  tout  autre  rdactif  font  fournis  par  C.  Erba. 
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La  partie  llectrique  et  les  systlmes  llectroniques  de  mesure  ont  ltd  mis  au  point 
par  le  group  llectronique  du  C.N.P.M. 

TECHNIQUE  EXPERIMENTALE 

On  mesure  la  vitesse  linlaire  de  rlgression,  dlfinie  comme  la  vitesse  3  laquelle 
la  surface  de  combustion  bouge  en  direction  perpendiculaire  3  elle-meir.e,  dans  le 
cas  des  specimens  inhibls  latlralement .  Au  contraire,  si  la  surface  latlrale  de 
1 ' Ichantillon  participait  elle  aussi  aux.  reactions  de  redox,  la  mesure  se  rappor- 
terait  plutdt  3  la  vitesse  de  combustion,  dlfinie  comme  la  vitesse  de  propagation 
de  la  reaction  chimique  entre  le  comburant  solide  et  le  combustible  gazeux.  La 
surface  de  reaction  est  plate  dans  le  cas  de  vitesse  linlaire  de  rlgression,  tandis 
qu'elle  est  conique  dans  le  cas  de  vitesse  de  combustion.  Cela  explique  1' importan¬ 
ce  de  1' inhibition  latlrale  3  la  combustion  et  des  petites  sections  transversales 
des  specimens  (compatiblement  avec  la  possibilitl  de  rlaliser  par  compression  les 
cylindres).  II  a  paru  nlcessaire  avant  tout  d'etahlir  le  type  et  la  quantity 
d'inhibiteur  3  employer  pourqu'on  puisse  mesurer  des  vitesses  linlaires  de  regres¬ 
sion  d'un  c6t!  et  pour  ne  pas  influencer  le  proces  de  combustion  d'autre  cote. 

Ces  experiences  ont  It!  faites  en  fixant  le  dibit  de  gaz  combustible. 

La  glometrie  des  Ichantillons  a  Itl  le  deuxilme  paramltre  pris  en  consideration: 
on  a  rlalisl  des  cylindres  ayar.t  difflrents  diamltres  0  =  6,  8,  10,  13  mm  et  on  a 
examinl  l'effet  sur  la  vitesse  linlaire  de  regression  en  fonction  du  dibit  de  gaz, 
ayant  choisi  pour  chaque  slrie  d' experiences  une  certaine  valeur  du  diamltie  des 
specimens.  Dans  la  meme  fagon  on  a  dlterminl  l'effet  de  la  granulomltrie  des  pou- 
dres  de  AP.  Aprls  ces  experiences  pr61iminaires  on  a  etudil  la  loi  de  la  vitesse 

lineaire  de  regression  en  fonction  du  debit  de  gaz  combustible  (c'est  3  dire  de 

sa  vitesse),  de  la  nature  du  gaz  combustible  (H2  et  les  hydrocarbures  CH^ ,  C2H4, 

et  C3H0)  et  de  la  dilution  de  ce  dernier  avec  azote. 

L'effet  de  la  presence  de  poudres  mltalliques  (A1 ,  B,  Be,  Mg,  Cd,  Cu,  Fe,  Mn,  Ti 

et  Zn)  cu  de  catalyseurs  de  la  decomposition  thermique  de  AP  (charbon  et  oxydes 
de  Al,  Ca,  Cd,  Co,  Cu,  Fe,  Mn  et  Ni)  est  determine  en  considerar.t  soit  la  nature 
de  l'additif  (les  specimens  contienner.t  un  pourcentage  fixe  de  I’ll  par  rapport 
au  seul  comburant)  soit  le  pourcentage  du  meme  (11,  51,  101,  151).  En  outre  on 
a  considere  aussi  l'ltat  de  la  surface  de  l'additif  et  la  addition  d’autres  combu- 
rants  3  AP  (mllange  avec  LiC104) .  Toutes  ces  experiences  on  !t6  faites  3  la  pres- 
sion  atmosphlr ique  et  en  conditions  dynamiques ,  c'est  3  dire  dans  un  Icoulement 
continu  de  gaz  combustible. 

Enfin  on  a  Itudil  1' influence  de  la  pression  sur  la  vitesse  linlaire  de  rlgres¬ 
sion  de  AP,  mais  en  conditions  statiques.  D'autres  rlsultats  concernent  1' igni¬ 
tion  de  mllanges non  comprimls  contenant  AP. 

RESULTATS  ET  DISCUSSIONS 

Les  rlsultats  sont  glnlral ement  illustrls  par  des  graphiques  qui  rapportent  la  vi¬ 
tesse  linlaire  de  rlgression  V  des  Ichantillons  en  fonction  du  debit  Q  iu  gaz 
combustible.  La  vitesse  linlaire  de  rlgression  V  est  exprimee  en  mm/sec;  le  dibit 
Q  de  gaz  combustible  en  1/m. 

NATURE  ET  EPAISSEUR  DE  L'INHIBITEUR  de  combustion.  Les  figg.  3  et  4  rapporttiit 
la  vitesse  linlaire  de  rlgression  V  en  fonction  de  l'Spaisseur  S  en  mm  d'inhibiteur. 
On  a  employ!  comme  inhibiteurs  le  satoflan  (fig.  3),  un  type  de  teflon  non  synthe- 
risl,  et  le  .eflon  (fig.  4) .  Le  dibit  de  gaz  combustible  est  constant:  on  a  exaninl 
le  ca^  d'un  dibit  de  3  i/m  de  H?  (courbe  a)  et  le  cas  i'un  dibit  Je  3  1/m  de  IU 
dilu!  avec  3  1/m  de  N2  (courbe  b) .  ~ 

La  vitesse  V  diminue  toujours  lorsque  1’lpaisseur  S  augmente:  cotte  diminution  est 
plus  rapide  quand  on  utilise  le  teflon.  Puisque  dans  le  cas  du  teflon  les  deux 
lignes  se  rapprochent,  cela  signifie  que  l’inhibiteur  influence  les  rlactions  de 
redox  en  dlterminant  la  vitesse  linlaire  de  rlgression  par  sa  proprc  vitesse  d'ablr  - 
tion.  Au  contraire,  3  condition  d'lviter  de  trop  faibles  Ipairseurs  que  d'aillcurs 
il  ne  faut  pas  employer  si  l'on  mesure  des  vitesses  linlaires  dc  rlgression,  le  sa¬ 
toflan  ne  modifie  pas  le  prods  dc  combustion.  Pour  toutes  les  explriences  suivan- 
tes  on  a  done  utilis!  le  satoflan  comme  inhibiteur. 

DEBIT  DU  GAZ  COMBUSTIBLE.  Les  rlsultats  sont  rapportls  Jans  les  figg.  5  (courbe 
a  «t  b)  et  11  (courbe  a,  b  et  c) ,  relatives  respect ivement  3  l'empioi  comme  combu¬ 
stible  de  H7,  CH.,  C.H.  et  CjlU. 

En  glnlral  6n  peut  rlmarquer^une  loi  dc  la  vitesse  V  croissante  avec  le  dibit  Q  de 
gaz  jusqu'4  un  point  de  maximum:  au  del3  dc  ce  point  la  vitesse  V  diminue  lentement 
En  effet,  aprls  la  valeur  du  dibit  de  combustible  optimum  pour  obtenir  lc  maximum 
de  V,  l'excls  de  dibit  de  gaz  ne  pout ra  qu'augmenter  la  diffusion  de  chaleur  loir 
de  la  flamme.  La  zone  stationnaire  autout  du  point  de  maximum  est  trls  Itenduc 
dans  le  cas  de  IK  et  cela  probablement  dlpend  des  excls  locaux  de  dibit  dus  3  la 
facilit!  de  diffusion  du  gaz  dans  la  flamme.  Le  type  dc  courbe  indique  que  lc 
phlnomlne  de  transport  Je  masse  borne  la  vitesse  V  aux  basses  valeurs  du  dibit  dc 

§az,  tandis  que  le  phlnomlne  chimique  de  redox  borne  pour  les  valeurs  llcvles  de 
Ibit  de  gaz. 

En  tout  cas  les  courbes  ainsi  trouvles  sont  trls  semblables  3  celle  qui  rxprime 
la  vitesse  de  combustion  d'un  propergol  composite,  const itul  par  AP  et  polystirlnc, 
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en  fonction  du  pourcentage  en  poids  de  polystir&ne  (15).  Cette  analogie  semble 
prouver  que  pour  AP  c'est  le  comburant  qui  determine  la  loi  de  combustion  si  bien 
dans  un  piopergol  composite  que  dans  un  processus  hybride. 

GRANULOMETRIC  DES  POUDRES  DE  AP.  En  g6n6ral  la  diminution  des  dimensions 
moyennes  des  poudres  et  done  1 ' augmentation  de  la  surface  reactive  permet  urs 
plus  grande  vitesse  de  reaction  dans  tous  les  proc3s  phys ico-chimiques . 

La  fig.  6  illustre  les  rfisultats  obtenus  dans  r.os  laboratoires  3  propos  de  1' in¬ 
fluence  de  la  granulom€trie  des  poudres  de  AP  sur  la  vitesse  linfiaire  de  r6gres- 
sion  des  Schantillons  de  ce  comburant.  On  a  6tudi€  trois  types  de  poudres:  type 
gros  (courbe  c) ,  type  moyen  (courbe  b)  type  fin  (courbe  a).  Les  particules  de  type 
gros  passent  5  travSrs  un  tamis  avec  750  mailles/cm2  et  sont  retenues  par  un 
tamis  avec  1600  mailles/cm  ,  les  particules  de  type  moyen  passent  3  1600  mailles/ 
enr  et  sont  retenues  3  6400  mailles/cnr;  les  particules  de  type  fin  passent  3 
travfirs  un  tamis  avec  6400  mailles/cm2. 

Les  courbes  de  la  fig.  <  se  prSsentent  moins  douces  par  rapport  3  celle  de  la 
fig.  5  (courbe  a)  relative  3  des  specimens  dont  la  granulomStr ie  n'a  pas  et6 
controlSe.  II  est  int6ressant  de  noter  que  les  courbes  de  la  fig.  6  ont  toutes 
le  meme  aspect: ^en  particulier  la  loi  linSaire  dans  le  domaine  des  forts  debits 
est  bien  caracteristique .  En  tout  cas  la  diminution  des  dimensions  moyennes  favo- 
rise  clairement  la  vitesse  lin6aire  de  regression,  au  moins  dans  le  domaine  des 
granulomStries  exp6rimentees ,  bien  que  1 'accroissement  des  valeurs  de  vitesse  ne 
soit  pas  tr£s  sensible.  Par  rapport  3  la  courbe  a  de  la  fig.  5  on  obtient  toujours 
une  amelioration,  3  part  le  domaine  des  grands  d?bits  pour  les  poudres  de  type 
gros. 

McAlevy  III  et  Lee  (40)  ont  trouve  des  courbes  tout  3  fait  semblables  en  employant 
la  technique  du  lit  poreux  et  en  utilisant  methane  comme  gaz  combustible. 

NATURE  DES  POUDRES  METALLIQUES.  La  presence  de  poudres  m6talliques  dans  un 
propergol  est  un  moyen  trds  utilise  dans  la  technologie  de  la  propulsion  pour 
6 16ver  les  valeurs  de  la  temperature  de  combustion  et  done  de  l'impulse  sp6cifique. 
Mais  les  metaux  peuvent  presenter  d'autres  effets  positifs:  par  exemple  l'alumi- 
mum  diminue  dans  certaines  limites  1 ' instabilite  de  combustion  de  propergol  so- 
lides  (41)  et  ses  composes  peuvent  soit  faciliter  l'ignition  de  particuliers  melan¬ 
ges  (42)  soit  prolonger  la  vie  de  spCciales  suspensions  hypergoliques  (43),  En 
tout  cas  les  poudres  metalliques  augmentent  la  densite  des  prcpergols  et  permet- 
tent  ainsi  des  economics  de  poids  et  de  volume  dans  les  structures  du  vecteur. 

I)' autre  cote  les  produits  d'oxydation  des  metaux  ont  un  poids  moieculaire  relati- 
vement  6l6v6  et  done  provoquent  un  effst  negatif  sur  l’impulse  sp6cifiqUe  . 

Les  metaux  essayes  sont:  Al,  B,  Be  et  Mg  (fig.  7);  Cu  §lectrolytique ,  Fe  et  Mn 
(fig.  8);  Cd,  Mo,  Ni  et  Ti  (fig.  9)  et  Zn  (courbe  a  de  ia  fig.  10).  La  quantite 
ajoutee  est  toujours  de  I'll  par  rapport  3  la  masse  du  seul  AP.  Les  6chantillons 
sont  prepares  en  mdlangeant  avant  la  compression  les  particules  de  AP  et  des  metaux 
bien  nulverisSes. 

On  remarque  de  la  fig.  7  que  1«  type  de  la  courbe  V,  Q  est  le  meme  pour  tous  les 
mdtaux  legers  et  est  caract6ris6  par  une  brusque  discontinuity  de  V.  En  compari¬ 
son  de  la  courbe  a  de  la  fig.  5  concernant  AP  pur  on  note  que  Al ,  B  et  Be  compor- 
tent  une  gfn6rale  augrier. tation  de  V,  pendant  que  la  presence  de  Mg  provoquent  une 
16g6re  augmentation  seulement  pour  les  valeurs  616v6es  de  debit  de  combustible. 

Le  type  de  la  courbe  relative  3  Cu  61ectrolytique ,  Fe  et  Mn  r6sulte  de  la  fig.  8 
tout  3  fait  different:  il  n'y  a  pas  de  di scontinuitf s  et  les  valeurs  de  V  augmen¬ 
tent  faiblement  avec  le  debit  de  gaz.  En  comparison  de  la  courbe  a  de  la  fig.  5 
on  observe  que  Fe  et  surtout  Cu  dlectrolyt ique  permettent  un  gain  3e  vitesse  dans 
toute  la  region  explore,  pendant  que  Mn  augmente  les  valeurs  de  V  seulement  dans 
lc  i.omainc  des  faibles  debits  gazeux. 

La  fig.  9  montre  que  les  courbes  relatives  3  Mo  et  Ni  sont  pratiquement  les  memes 
ct  quo  l'cffet  de  leur  presence  sur  la  vitesse  linfaire  de  regression  est  negli¬ 
gible,  tandis  que  Ti  favorise  la  vitesse  V  dans  toute  la  region  des  debits  de  gaz. 

II  est  interessant  de  noter  que  la  courbe  AP  ♦  11  Ti  est  qual itat ivement  la  m6me 
que  ce!  lc  concernant  AP  pur:  cela  signific  que  Ti  accfldrc  la  vitesse  linfairc  de 
regression  indfpcndamment  du  gaz  combustible.  La  courbe  AP  *  13  Cd  part  ellc 
aussi  d'une  manifre  npidc  mais  en  suite  elle  se  stabilise.  En  tout  cas  Cd  aussi 
permet  un  gain  de  V,  surtout  dans  le  domaine  ucs  faibles  debits. 

Dans  la  fig.  10  (courbe  a)  est  rapportfe  la  courbe  relative  3  l'addition  de  Zn: 
on  remarque  que  la  presence  de  I'll  de  Zn  n'a  p3s  une  sensible  influence  sur  la 
vitesse  linfairc  de  regression. 

En  conclusion  les  m6taux  peuvent  soit  faciliter  la  vitesse  linfaire  do  regression 
dans  tout  le  domaine  des  debits  (Ti,  Al,  B)  soit  aplatir  la  courbe  V,  Q  (|>  Mn 
Cu  eicctrolyt  ique) .  '  ' 

Dans  le  premier  cas  les  m6taux  agissent  directcment  sur  la  decomposition  thernique 
Ju  comburant  en  la  favorisant.  Dans  le  deuxi^me  cas  ils  imposent  une  nouvcllc  vi- 
tesse  Unite  pratiquement  indfpendante  du  debit  de  combustible.  Ln  considfrant  que 
les  metaux  influencent  pas  seulement  la  vitesse  linfairc  de  regression  et  la  tempf- 
raturc  de  combustion,  mais  aussi  le  poids  molfculaire  moven  des  produits  de  reac¬ 
tion.  on  peut  retenir  que  Be  et  Al  sont  les  udditifs  metalliques  les  plus  auspica- 
bles.  Ccpcndant  U  peut  ftre  consid6rf  competitif  avec  les  metaux  16gcrs 
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NATURE  DU  GAZ  COMBUSTIBLE.  L'effet  de  la  nature  du  gaz  combustible  concerne 
les  valeurs  quantitatives  de  la  vitesse  V  plutSt  que  l'aspect  des  courbes,  comme 
on  peut  voir  dans  les  figg.  5  (courbe  a  et  b)  et  11.  En  tout  cas  A  la  courbe  bien 
marquee,  dans  le  sens  ci-dessus  spScifig,  relative  3  H2  s'opposent  les  courbes  bien 
moins  marquees  des  autres  gaz  combustibles.  Bien  que  cnaque  gaz  ait  sa  propre 
courbe  V,  Q,  quantitativement  aussi  la  difference  entre  les  valeurs  de  vitesse 
lineaire  de  regression  dues  3  H,  et  aux  autres  combustibles  est  sensible. 

Une  difference  analogue  a  6te  trouvSe  par  Barrfcre  et  Nadaud  (2)  (3)  pour  la  combu¬ 
stion  de  spheres  de  AP  dans  un  ecoulement  gazeux  combustible.  La  loi  qui  exprime 
la  variation  du  diametre  d  des  spheres  en  fonction  du  temps  t  est: 

dn  -  d"  -  kt 

ofl  dQ  est  le  diametre  initiale  des  spheres,  k  une  constant  qui  depend  de  plusieurs 
parametres  opSratoires,  n  est  un  coefficient  qui  change  avec  la  nature  du  combusti¬ 
ble  et  qui  vaut  2  pour  CH^ ,  CjHg  et  NHj  et  3  pour  H2 .  Done  la  loi  exponentielle 
de  variation  du  diametre  en  fonction  du  temps  est  supfirieure  d'un  ordre  de  grandeur 
dans  le  cas  de  H7. 

La  vitesse  de  diffusion  de  H2  pourrait  expliquer  la  plus  grande  rapiditfi  de  combu¬ 
stion  de  AP  avec  H2  plutSt  qu'avec  les  autres  gaz.  Les  rdsultats  obtenus  pourraient 
en  outre  etre  expliquSs  par  la  flamme  trSs  caloriphique  de  l'hydrog6ne,  ce  qui  fe- 
rait  penser  3  une  plus  grande  diffusion  de  chaleur  de  la  flamme  vers  la  surface  de 
1 ' Schantillon  dans  le  cas  de  H2  et  par  consequent  3  une  plus  616vee  tempdratuve 
de  surface  et  debit  massique  de  comburant.  Mais  cette  hypothfese  est  3  repousser  du 
moment  que  la  temperature  de  surface  de  AP  (500°C)  est  independante  de  la  nature  du 
gaz  combustible  (44)  (45)  (46). 

Le  processus  3  vitesse  limite  est  done  situS  en  phase  gazeuse  et  concerne  probable- 
ment  l'oxydation  du  gaz  combustible  par  les  produits  de  decomposition  de  HCIO^  conte- 
nu  en  AP.  En  effet  1' influence  de  la  nature  du  gaz  combustible  sur  la  vitesse  linda 
ire  de  regression  ne  supporte  pas  l'idde  que  le  processus  3  vitesse  limite  puisse 
consister  dans  une  flamme  de  decomposition  NHj  +  HC104  du  perchlorate  d' ammonium. 

Ce  rdsultat  est  d'ailleurs  confirmd  par  d'autres  experiences  conduites  sur  des 
propellants  composites  contenant  AP  (47). 

On  sait  d' autre  cote  que  la  combustion  de  H2  suit  un  processus  en  chaine  qui  demande 
la  presence  des  radicaux  OH  et  des  atoms  0  et  H,  pendant  que  la  combustion  de  tous 
les  hydrocarbures  ne  prdsente  pas  de  grandes  differences  si  la  valeur  de  pression 
n'est  pas  trop  6 ldvde.  En  tout  cas  l'oxydation  des  hydrocarbures  paraf f iniques  en 
phase  gazeuse  suit  le  mdcanisme  en  chaine  de  CH4 ,  qui  demande  lui  aussi  1' existen¬ 
ce  de  radicaux  et  dont  la  formation  de  CH3  constitue  le  passage  principale.  En  outre 
les  hydrocarbures  avec  un  poids  moldculaire  616v6  peuvent  ddgrader  vers  les  hydro¬ 
carbures  avec  un  poids  moldculaire  infdrieur  en  donnant  origine  au  radical  methyli- 
que.  En  conclusion  les  vitesses  lindaires  de  regression  de  AP  dans  un  dcoulement 
d' hydrocarbures  ne  peuvent  pas  avoir  de  grandes  differences. 

La  fig.  12  montre  qu'avec  des  echantillons  de  AP  +  II  Zn  on  trouve  des  resultats 
tout  3  fait  analogues.  La  combustion  dans  un  ecoulement  de  propane  a  presente  des 
grandes  difficult6s  d' ignition  et  des  fortes  instabilitSs  de  flamme.  En  tout  cas 
les  differences  dues  3  l'emploi  des  combustibles  sont  les  memes  pour  les  specimens 
de  AP  pur  et  de  AP  +  11  Zn. 

DILUTION  DU  GAZ  COMBUSTIBLE.  Dans  la  fig.  13  (courbe  a)  est  rapport6e  la  cour¬ 
be  relative  3  l'emploi  comme  gaz  combustible  de  H,  dilu6  avec  N,.  D6finissons  un 
paramitre  a  comme  le  pourcentage  volum6trique  d'alote  par  rappoft  au  volume  totale 
des  gaz:  par  example  Q*2  i/m  et  <1  ■  501  signifient  que  1 ' 6cou j ement  gazeux  est 
ronstitu6  par  2  1/m  de  H2  et  2  1/m  de  N2.  Le  symbole  Q  indique  toujours  le  debit 
du  seul  gaz  combustible. 

Le  type  qualitative  de  la  courbe  est  toujours  le  m6me ,  mais  on  remarque  un  effet 
inhibiteur  sur  la  vitesse  lin#aire  de  regression,  dQ  3  la  presence  de  N2,  sensible 
dans  tout  le  domaine  explore  de  debits.  On  a  trou v6  des  t6sultats  semblables  avec 
mCthane  et  propane.  M€me  en  presence  de  N2,  le  combustible  le  plus  rfactif  est 
l’hydrogfne.  En  effet  la  combustion  de  AP  a  lieu  dans  un  ecoulement  de  !l,  jusqu'.i 
a  *  751  sans  aucune  anomalu?.  Au  contraire  la  combustion  est  instable  poflr  1  ■  751 
cn  methane  et  pour  a  ■  SOI  en  propane. 

L'effet  inhibiteur  de  la  dilution  du  gaz  combustible  sur  la  vitesse  lineaire  do 
regression  cst  bien  clair  aussi  pour  des  echantillons.  do  AP  ♦  11  Zn  (courbe  b  de 
la  fig.  10.  a  •  501)  mime  si  qual itat ivement  la  loi  V,  Q  ne  change  pas  en  compa- 
raison  de  l'hydrogine  pur.  On  remarquera  que  la  presence  de  Zn  n'apportc  de  sonsi- 
bles  modifications  dcs  valeurs  de  V  ni  dans  un  ecoulement  combustible  pur  (c our  lie 
a  de  la  fig.  10)  r.i  dans  un  ecoulement  dilue. 

GEOMETRIE  DES  ECHANTILLONS.  On  a  rapport#  dans  la  Tig.  13  les  courbes  V,  Q 
concernant  la  combustion  des  echantillons  de  AP  ayant  un  different  diametre  4  dans 
un  ecoulement  d'hydrogene  dilu#  dans  l'azote  (a  *  501).  Les  cylindrcs  ont  6tf- 
inhib#s  de  latjon  que  le  rapport  entre  l'lpaisseur  d' inhibiteur  et  1c  diametre 
du  specimen  soit  constant,  la  courbe  a  est  relative  3  4  •  6  mm,  la  courbe  I)  3 
4  »  8  mm,  la  courbe  c  £  4  •  10  mm  et  Ta  courbe  d  3  4  *  13  »m. 

On  remarque  quo  1 ‘ augments t ion  du  diametre  des  Ichantillons  prevoque  une  diminu¬ 
tion  de  la  vitesse  lineaire  do  regression.  La  courbe  d  manifesto  une  loi  croissante 
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plus  forte  que  dans  les  autres  cas,  mais  cela  peut  dgpendre  du  syst&me  employs 
pour  les  mesures.  hn  effet  1' importance  de  la  section  transversale  pour  &  ■  13  ram 
dgtermine  aux  grands  debits  de  gaz  une  surface  de  combustion  plut6t  conique.  II 
en  suit  que  la  fusion  du  deuxigme  repSre  est  avancSe  par  rapport  2  la  fusion  du 
premier  repSre.qui  a  lieu  lorsque  la  surface  de  combustion  est  encore  plate. 

Des  rSsultats  semblables  ont  StS  obtenus  pour  des  Schantil Ions  ayant  i  «  6  mm 
(courbe  b  de  la  fig.  5)  et  0  =  13  mm  (courbe  c  de  la  fig.  5)  dans  un  Scoulement 
de  CH, . 

NATURE  DES  CATALYSEURS  DE  LA  DECOMPOSITION  THERMIQUE  DE  AP.  Le  perchlorate 
d'ammonium  manifeste  deux  diffSrents  mecanismes  de  reaction  (20)  (21)  lorsque 
il  est  chauffg  dans  le  vide: 

-  aux  basses  temperatures  («  280°C)  AP  se  decompose  2  travers  un  procSs  de  surfa¬ 
ce  se  bornant  au  201-30$  de  la  masse  initiale  et  laissant  un  rSsidu  chimiquement 
identique  au  produit  mis  2  rSagir  mais  avec  une  densitS  inffrieure; 

-  aux  tempSratures  plus  SISvees  \>,  380°C)  AP  se  dgcompose  totalement  2  travers  un 
procSs  de  disgregation  pSnetrant  2  I'intgrieur  de  chaque  cristal.  En  tout  cas 

un  process  de  sublimation  est  toujours  prgsent  pendant  la  dgcomposition  thermique 
de  AP. 

Generalement  l'etude  expgrimental  des  catalyseurs  est  limits  par  les  rechercheurs 
aux  temperatures  infgrieures  a  300°C  (dgcomposition  thermique  de  ia  basse  tempg- 
rature)  pour  gviter  des  phenorngnes  trop  rapides  et  done  impossible  2  suivre  en 
laboratoire.  La  prgsence  des  catalyseurs  (ce  terme  est  ggngralement  employg  pour 
entendre  un  accSleratcur  de  la  decomposition  thermique  du  perchlorate)  peut  chan¬ 
ger  radicalement  la  cingtique  et  les  proces  de  riaction,  en  modifiant  ainsi  la 
quantite  de  solide  dgcomposg  et  la  vitesse  de  dgcomposition.  Par  consequent  les 
produits  de  reaction  changent  et  la  sublimation  aussi  est  influencee  (elle  dispa- 
rait  si  la  dgcomposition  thermique  est  trop  rapide).  De  toute  fagon  il  ne  faut 
pas  croire  que  l'addition  des  catalyseurs  provoque  des  effets  pareilles  sur  la 
decomposition  thermique  et  la  combustion  de  AP,  puisque  les  passages  2  vitesse 
limite  sont  differents  dans  les  deux  cas. 

Les  substances  les  plus  employges  comme  catalyseur  sont  des  oxydes  mgtalliques. 

Nous  avons  experiments  dans  nos  laboratoires  l'effet  de  l'a  dition  de  CaO,  Cu?0, 

CuO  et  Pe203  (fig.  14);  AKO,,  MnO.  et  Ni  oxyde  (fig.  IS)  et  CdO,  Co,0.  et  Co^ 
oxyde  noir  T f ig .  16).  Le  pourcentage  en  poids  des  catalyseurs  ajoutS^est  toujours 
11  par  rapport  au  seul  AP.  Les  gchantillons  sont  rgalisgs  en  mglangeant  avant  la 
compression  les  particules  bien  pulverisges  de  AP  et  des  catalyseurs. 

On  observe  de  la  fig.  11  que  CaO  (courbe  b)  et  CuO  (courbe  c)  favoiisent  la  com¬ 
bustion  de  AP  dans  le  demaine  des  faibles  debits  de  gaz  combustible,  pendant  que 
F^O,  (courbe  d)  ne  change  pas  d'une  fagon  sensible  la  loi  V,  Q.  Au  contraire 
Cu^O^tcourbe  aj  manifeste  une  considerable  action  catalytique  dans  toute  la  rggion 
explorge  des  debits  gazeux.  On  sait  d'autre  cote  que  CaO  ne  facilite  pas  la  dgcom¬ 
position  thermique  de  AP  (20)  et  qu'en  diminue  la  sublimation  (22),  alors  que 
Fe-,0,  favorise  legerement  la  dgcomposition  thermique  (20).  D'ailleurs  les  oxydes 
Cu'CT (29)  et  CuO  (30)  sont  tous  les  deux  des  gnergiques  catalyseurs  de  la  dgcompo¬ 
sition  thermique  de  AP.  Les  courbes  V,  Q  concernant  l’addition  des  metaux  montrent 
que  Fe  (courbe  a  de  la  fig.  8)  augmente  la  vitesse  lingaire  de  rggression  des 
specimens  oxydants  de  fagon  bien  plus  sensible  que  1 'oxyde  correspondant ,  tandis 
que  Cu  glectrolvt ique  (courbe  b  de  la  fig.  8)  ne  facilite  pas  la  combustion  de  AP 
dans  la  memo  mesure  que  Cu-,0,  Fien  qu' il  soit  plus  efficace  que  CuO. 

La  fig.  15  montre  qut  la  pfSsence  de  I'll  de  Ni  oxyde  (courbe  a)  explique  un  certain 
effet  positif  sur  la  vitesse  lingaire  de  rggression  de  AP,  pencTant  que  MnO, 

(courbe  b)  accSldre  lfgdrement  la  combustion  et  qu'Al-,0.  (courbe  £)  n'appoi’te  pas 
de  grandes  variations.  D'autre  cotg  MnO,  est  connu  cottme  un  des  catalyseurs  les 
plus  valides  do  la  dgcomposition  thermique  du  perchlorate  (20)  (28),  alors  que 
AKOj  n'a  absolument  aucun  effet.  Au  conti  airc  on  a  vu  que  A1  (courbe  b  de  la 
fig.  7)  augmente  clairemeni  la  vitesse  lingaire  de  rggression  de  AP  pendant  que 
Ni  (courbe  d  de  la  fig.  9)  et  Mn  (courbe  d  de  la  fig.  8)  n'apportent  pas  de  gran¬ 
des  modifications. 

Pour  les  oxydes  de  Co  aussi  (courbes  a  et  b  de  la  fig.  161  les  variations  sont 
peu  sensibles,  bien  qu'ils  dfeomposent  {28T  rapidement  AP  memo  aux  basses  tempSra- 
tures.  Il  rgsultc  en  outre  que  CdO  (courbe  c  de  ia  fig.  lb)  comporte  une  rgduction 
de  vitesse  lingaire  de  rggression  pour  les  Torts  dgbits  de  combustible.  D'autre 
cotg  CdO  (31)  favorise  lSgSremcnt  la  dgco.,ipos  j  t  ion  thermique  et  Cd  influence  d'une 
naniSre  asset  considgrablc  la  vitesse  lingaire  de  rggression  (courbe  b  de  la  fig. 9). 
l'addition  des  poudres  mgtalliques  se  rfvgle  done  plus convcnab le  que  l’addition 
des  catalyseurs  de  la  dgcomposition  thermique  du  perchlorate  pour  favoriser  la 
vitesse  lingaire  de  rggression  des  spgcimens  de  AP  dans  un  gcoulement  gazeux  com¬ 
bustible.  En  effet  les  temps  d' induct  ion  pour  les  rfactions  de  dgcomposition  catu- 
’ytique  sont  en  gSneral  trop  longs  par  rapport  2  l'extifme  -.apiditg  des  phdnomS- 
nes  de  combustion  ct  don.  la  rg.«ct ion  de  dgcompos i t ion  ne  peut  pas  avoir  une  trop 
grande  importance  dans  le  mfcanismo  do  redox. 

Pendant  que  l'ctfet  posit  it  des  catalyseurs  dgpend  sculerzent  des  proprigtgs  chi- 
miques  do  AP  c*  des  oxydes,  l'action  ravorable  des  poudres  mgtalliques  est  due 
2  des  phf noraSncs  physiques  concernant  les  proegs  de  combustion  des  mgtaux.  De  toute 
fagon  les  .-niditifs  modificnt  !c  mgeanisme  de  combustion  de  AP  soit  en  phase  gazcusc 
suit  cn  phase  solide,  puisque  ils  changent  d'un  cotg  les  produits  dc  combustion  et 
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d'autre  cot6  la  vitesse  linSaire  de  regression. 

En  conclusion  l'addition  des  poudres  mitalliques  est  plus  avantageux  par  rapport 
aux  catalyseurs,  a  part  CujO,  en  considdrant  que  les  mdtaux  permettent  un  gain 
pas  seulement  sur  la  vitesse  lin6aire  de  regression  mais  aussi  sur  l'impulse 
spficifique. 

ETAT  DE  LA  SURFACE  DE  L'ADDITIF.  Dans  la  fig.  8  (courbe  a)  est  representee 
la  courbe  V,  Q  concernant  l'addition  de  Cu  reduit,  c'est  3  dire  de  particules 
metalliques  ayant  une  surface  de  reaction  trSs  extendue,  au  perchlorate  d' ammonium 
dans  le  pourcentage  de  I'll  en  poids  par  rapport  3  la  masse  du  seul  comburant. 

On  note  que  la  vitesse  lineaire  de  regression  augmente  d'une  faijon  sensible  dans 
tout  le  domaine  des  debits  gazeux  par  rapport  aux  dcnantillons  soit  de  AP  +  11  Cu 
eiectrolytique  (courbe  b  de  la  fig.  8)  soit  de  AP  +  11  CU2O  (courbe  a  de  3a  fig.  14), 
qui  etait  jusqu'3  ce  moment  l'additif  le  plus  valable.  II  est  int6re?sant  de 
remarquer  que  les  types  de  courbes  concernant  Cu  reduit  (courbe  a)  et  Cu  eiettro- 
lytique  (courbe  b)  sont  differents  et  qu'en  particulier  la  courbe  AP  +  II  Cu  re¬ 
duit  ressemble  au  type  de  AP  pur  (courbe  a  de  la  fig.  5).  Cela  indique  que  Cu 
reiuit  favorise  la  combustion  en  agissant  directement  sur  la  decomposition  ther- 
mique  de  AP:  en  effet  on  peut  penser  que  les  particules  metalliques,  ayant  une 
grande  valeur  du  rapport  surface  de  reaction  specifique  au  volume,  constituent  des 
centres  actifs  particulidrement  efficaces  pour  le  mecanisme  de  decomposition  3 
tempetature  ildvde  du  perchlorate. 

D'autre  c6te  Cu  eiectrolytiqu.t,  Cu,0  et  Cu  reduit  specialement  facilitent  1' igni¬ 
tion  des  specimens  en  diminuant  sensiblement  la  puissance  electrique  necessaire. 

Cela  prouve  la  gdndrale  activite  catalytique  du  cuivre. 

POURCENTAGE  DES  ADDITIFS.  Nous  avons  examine  experimentalement  1' influence 
du  pourcentage  de  certains  additifs  sur  la  vitesse  lineaire  de  regression  du  per¬ 
chlorate  d'ammonium.  Les  additifs  pris  en  consideration  sont:  Ni  (fig. 17),  Cu 
reduit  (fig.  18)  et  le  charbon  C  (fig.  19),  qui  est  connu  lui  aussi  comme  un 
catalyseur  de  la  decomposition  thermique  de  AP  (26).  Les  pourcentages  essayes, 
toujours  ddfinis  comme  rapport  entre  les  poids  de  l'additif  et  du  comburant,  sont: 

11,  51  et  101;  pour  Ni  on  a  examine  le  cas  151  aussi. 

Dans  la  fig.  17  sont  reprdsentdcs  les  courbes  relatives  3  l'addition  d'un  pour¬ 
centage  variable  de  Ni;  la  courbe  AP  *•  11  Ni  est  caracterisde  par  une  disconti¬ 
nued  qui  pourrait  ddpendre  du  systdme  employe  pour  les  mesures.  On  remarquera 
quand-meme  que,cn  augmentant  le  pourcentage  de  Ni(la  vitesse  lineaire  d?  regres¬ 
sion  crolt  avec  une  certaine  rdgularite.  Le  melange  AP  +  Cu  rdduit  (fig.  18) 
prdsente  le  maximum  de  rapiditd  de  combustion. 

En  considdrant  la  facilitd  d' ignition  du  melange  et  1 'aspect  trds  soutenu  de  la 
flamme  bien  different  des  autres  flammes  de  diffusion,  on  a  pensd  que  AP  +  Cu 
reduit  puisse  brfller  independamment  du  gaz  combustible  comme  un  propellant  solide 
composite.  On  a  done  fait  brQler  des  dchantillons  dans  un  milieu  d'azote,  ce  gaz 
servant  pour  pressuriser  la  chambre  de  combustion  et  aussi  pour  avoir  une  atmo¬ 
sphere  compldtement  inerte.  A  la  pression  atmosphArique  les  specimens  de  AP  +  151 
Cu  rdduit,  dans  les  memes  conditions  opdratoires  que  pour  les.  mesures  dans  un 
dcoulement  gazeux  combustible,  brulent  rapidement  et  1' ignition  ne  pr6sente  aucu- 
ne  difficultd.  La  vitesse  lineaire  de  regression  depend  maintenant  du  debit  d'azote: 
elle  diminue  lorsque  le  debit  augmente,  puisque  un  grand  debit  d'azote  favorise 
la  diffusion  d'6nergie  thermique  loin  de  la  flamme(unc  va'eur  indicative  pourrait 
Stre  V  ■  2-3  mm/sec). 

Au  contraire  la  combustion  du  melange  AP  ♦  101  Cu  reduit  3  la  pression  d'une 
atmosphere  d'azote  n'est  pas  trSs  stable  et  demands  en  tout  cas  une  ignition  pro- 
longee  et  avec  une  forte  puissance  electrique. 

A  propos  du  melange  AP  ♦  C  (fig.  1  )  on  notera  que  la  deuxidme  partie  de  la 
courbe  AP  +  11  C  rCpdte  celle  concernant  AP  pur  (couibe  a  de  la  fig.  5),  tandis 
que  la  premidre  partie  est  pratiquement  ind6pendante  de  3dbit  de  gaz  et  permet 
un  gain  de  vitesse  V  par  rapport  au  perchlorate  pur.  En  effet  aux  forts  debits 
de  combustible  le  specimen  de  comburant,  6tant  donn6e  la  trds  petite  quantitf  de 
charbon  ajoutd,  se  comporte  comme  s'il  etait  AP  pur.  Aux  faiblcs  debits  du  combu¬ 
stible  gazeux,  au  contraire,  1' importance  en  poids  du  combustible  solide  crolt  ct 
on  peut  penser  3  un  phenomena  de  collaboration  entre  charbon  et  hydrogdne,  qui 
comporte  un  plus  grand  debit  massique  de  combustible  et  done  une  vitesse  lineaire 
de  regression  plus  6iev6e  par  rapport  3  AP  pur. 

En  augmentant  le  pourcentage  de  charbon  contenu  dans  l'oxydant  la  vitesse  V  crolt 
r6gul idrement  et  les  courbes  deviennent  de  plus  cn  plus  piStes.  En  effet  la  quatt- 
tit€  de  combustible  solide  diminue  de  plus  en  plus  i'effet  du  combustible  gazeux: 
si  pour  AP  ♦  11  C  1' influence  de  debit  d’hydrogdne  est  bien  claire  dans  la  deuxid- 
me  partie  de  la  courbe,  pour  AP  ♦  51  C  cette  influence  est  3  peine  visible  et 
pour  AP  ♦  101  C  elle  disparalt  compldtement.  Cela  signifie  que  1c  melange  AP  ♦  C 
a  la  tendence  3  se  comporter  comme  un  propellant  solide  composite  ct  done  de  ma¬ 
rt  idre  indlpendante  du  ddbit  de  gaz. 

En  conclusion  en  augmentant  lc  pourcentage  des  additifs  la  vitesse  lindaire  de 
regression  g6ndralement  crolt,  parfois  de  facon  trds  considerable  (voir  Cu  r6duit). 

II  faut  remarquer  que  le  pourcentage  de  l'additif  influence  pas  seulement  les 
valeurs  numeriques  de  vitesse  mais  aussi  la  lol  qualitative  V,  Q  d'un  mdme  melange, 
bnfin  en  augmentant  ie  pourcentage  de  l'additif  quelque  melange  se  comporte  com¬ 
me  un  propellant  solide  ddjd  i  la  pression  atmospherique. 
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ADDITION  DE  LiCIO,.  Le  perchlorate  de  lithium  LiCIO. ,  malgrS  les  inconve- 
nients  d'un  prix  6l6vg4et  d'une  forte  hygroscopicitg,  intfresse  beaucoup  la 
technologie  de  la  propulsion  merci  3  son  contenu  d’oxygSne  et  3  sa  densitf. 

On  a  done  mesurg  la  vitesse  lingaire  de  rggression  du  perchlorate  de  lithium  (que 
nous  indiquerons  brigvement  par  le  single  LiP)  mglangg  au  perchlorate  d' ammonium. 

En  considgrant  la  difficultg  d' ignition  de  tels  mglanges,  on  a  ajoutg  un  certain 
pourcentage  de  Cu  rgduit  (fig.  20),  que  nous  avons  trouvg  faciliter  la  combustion 
de  AP,  et  de  CuO  (fig.  21),  qui  est  connu  comme  un  accglgrateur  de  la  dgcomposi- 
tion  thermique  de  LiP  (48).  Le  pourcentage  de  l'additif  est  maintenant  dgfini 
comme  le  rapport  en  poids  entre  l'additif  et  le  mglange  des  perchlorates. 

La  courbe  a  de  la  fig.  20  concerne  1 'addition  du  Si  de  Cu  rgduit  3  un  mglange  qui 
contient  en  poids  u:.e  partie  de  AP  contre  deux  parties  de  LiP  (1  AP  +  2  LiP):  ce 
mglange  est  tr8s  proche  3  la  composition  eutectique  des  comburants  (49).  On  voit 
de  la  courbe  b  de  la  fig.  18  le  fort  effet  inhibiteur  sur  la  vitesse  V  dd  3  l'ad- 
dition  de  LiP?  de  la  courbe  a  de  la  fig.  S  il  rgsulte  une  certaine  influence  ng- 
gative  meme  par  rapport  3  AP  pur,  malgrg  la  prgsence  du  51  de  Cu  rgduit.  Si  I'on 
augmente  la  quantitg  de  AP  par  rapport  3  LiP  (2  AP  +  1  LiP)  tout  en  gardant  le 
pourcentage  du  5i  de  Cu  rgduit,  on  observe  (courbe  b)  que  la  loi  V,  Q  est  prati- 
quement  la  meme.  En  diminuant  3  tel  mglange  la  quantitg  de  l'additif  (courbe  c) , 
toute  la  courbe  se  baisse  lgggrement.  L'addition  de  CuO  (fig.  21)  semble  favori- 
ser  la  combustion  des  mglanges  3  fort  contenu  de  LiP  (courbe  a)  et  laisse  prati- 
quement  inaltgrg  le  mglange  2  AP  +  1  LiP  (courbe  b) . 

II  rgsulte  en  ggngral  qu'aux  forts  dgbits  d'hydroggne  les  mglanges  oxydants  riches 
en  LiP  (1  AP  +  2  LiP)  ont  une  combustion  pit-s  rapide  que  les  mglanges  riches  en 
AP;  le  ccntraire  arrive  pour  les  fnibles  dgbits  de  combustible.  Naturellement  tout 
cela  vaut  dans  les  limites  des  petites  variations  de  vitesse  qu'on  a  pu  observer. 

II  faut  remarquer  qu'il  n'a  pas  gtg  possible  de  brfller  des  gchantillons  de  LiP 
pur  dans  un  courant  d'hydroggne:  on  a  obtenu  au  maximum,  apr8s  des  allumages  trds 
difficulteuses,  quelques  flammelets  qui disparaissent  immgdiatement  une  fois  qu'on 
a  perdu  le  contact  entre  le  fil  chauffant  et  lo  surface  de  rgaction.  La  grande 
quantitg  de  chaleur  ngeessaire  pour  1' ignition  de  LiP  par  rapport  3  celle  de  AP 
s'explique  par  la  prgsence  d'une  phase  liquide  qui  n'existe  pas  dans  le  cas  de  AP 
et  par  la  tempgrature  relativement  glgvge  a  la  quelle  LiP  trgs  pur  commence  3  se 
dgcomposer  (=  450°C) . 

INFLUENCE  DE  LA  PRESSION.  Les  essais  sous  pression,  tout  en  gardant  le  circuit 
pneumatique  de  la  fig.  1,  ont  gtg  faits  dans  une  chambre  de  combustion  en  acier 
inoxydable  avec  des  hublots  pour  la  vision  directe  du  phgnomgne. 

La  pression  est  mesurge  glectroniquement  par  un  capteur  3  quartz,  3  haute  vitesse 
de  rgponse,  refroidis  par  un  courant  d'eau  (fig.  22).  La  charge  glectrique  fournie 
par  le  capteur  est  ptoportionnelle  3  la  pression  Cans  la  chambre  de  combustion  et 
est  transformge  dans  un  signal  de  tension.  Ce  signal  est  successivement  amplifig 
avec  un  grain  variable  par  moyen  d'un  amplificateur  verticale  qui  constitue  le 
premier  canal  verticale  du  tube  cathodique.  Au  deuxi&me  canal  du  tube  cathodique, 
au  contraire, sont  envoygs  des  impulses  pour  marquer  le  temps  dont  1' interval  est 
mesure  par  un  compteur  glectronique  3  I  MHz,  e'est  3  dire  avec  une  prgeision  de 
1  microsecondc  sur  1  minute.  La  base  des  temps  de  1 ' oscilloscope  est  substituge 
par  un  autre  amplificateur  pilotg  par  un  ggngrateur  de  balayage  trds  lent  (balaya- 
ge  maximum  1  minute).  Le  balayage  est  commandg  manuellement  3  1'extgrieur.  Le  tu¬ 
be  cathodique  est  du  type  3  memnoscope.  La  courbe  obtenue  est  tout  d'abord  memo- 
risge  sur  l'ecran  du  tube  et  aprgs  elle  est  photographige  par  une  polaroid  land 
camera.  La  calibration  ggngrale  du  systdme  est  effectuge  par  une  balance  manomg- 
trique  3  haute  prgeision  (10'^  atm)  avant  de  commencer  les  essais. 

Le  domaine  des  pressions  explorges  arrive  jusqu’3  in  atm:  les  expgriences  sont 
maintenant  conduites  statiquement  et  non  plus  dans  un  courant  contir.u  de  gaz 
combustible.  Une  valve  reductrice  de  pression,  qui  prgcdde  immgdiatement  la  cham¬ 
bre  de  combustion,  perraet  de  garder  une  pression  constante  pendant  la  durge  du 
phgnomine  de  redox.  Pour  ce  qui  concerne  les  autres  variables  opgratoires  tout 
a  ft g  fait  comme  dans  les  experiences  en  conditions  dynamiques.  Les  rfsultats 
sont  illustrfs  dans  les  figg.  23  et  24,  qui  rapportent  la  vitesse  linfaire  de  rg¬ 
gression  V  en  iam/s«c  des  specimens  comprimfs  en  fonction  de  la  pression  relative 
P  en  atm.  la  pression  comporte  une  augmentation  de  la  vitesse  V  qui  n'est  pas  trds 
sensible  pour  AP  et  AP*1\  2n(fig.23)  et  qui  rgsulte  au  contraire  bien  considera¬ 
ble  pour  Cu  rgduit  (fig. 24).  Dans  ce  dernier  cas  on  peut  observer  que  la  pres¬ 
sion  accentuc  de  fa?on  remarquable  l'effet  du  pourcentage:  pour  le  mglange  AP  ♦  1SI 
Cu  rgduit  et  une  valeur  de  pression  p  >  S  atm  1'ordrc  de  grandeur  de  V  est  de  plu- 
sieurs  dizaines  de  mm/sec.  Cela  montre  encore  une-  fois  la  validitf  de  Cu  rfduit 
c^mme  accglgrateur  de  la  combustion  de  AP,  en  considgrant  aussi  que  des  essais 
sur  des  gchantillons  contenant  des  pourccntages  variables  de  diffgrents  additifs 
ont  donng  des  rgsultats  trfs  semblables  soit  qualitat ivement  soit  quant itat  ivc- 
ment  3  ceux  de  la  fig.  26:  les  courbcs  n'ont  pas  gtg  reprgsentfes  pour  eviter  la 
superposition  des  lignes.  Puisquc,  au  contraire,  la  prgsence  do  Cu,0  permet  un 
gain  de  vitesse  lingaire  de  rggression  tr8s  sensible  mgme  3  la  prelsion  atmosphg- 
rique,  on  peut  affirmer,  sur  la  base  des  connaissances  hi bl iographiques  aussi  (30) 
(32)  (SO),  la  ggngrale  uctivitg  accglgratr ice  du  cuivre  et  de  ses  composgs. 

On  a  essayg  en  outre  la  combustion  de  AP  ♦  Cu  rgduit  comme  propergol  solidc  compo¬ 
site  en  employant  azote  comme  gaz  dc  pressur isation  Les  mglanges  AP  *  15\  Cu  rgduit 
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et  AP  +  51  Cu  r!duit  brQlent  a  peu  pr§s  3  la  raSme  vrtesse  dans  une  atmosphere  si 
bien  d'hydrogSne  que  d' azote,  mais  la  dispersion  des  valeurs  exp!r imentales  dans 
ce  dernier  cas  est  sensible.  II  faut  noter  que  AP  +  5i  Cu  r!duit  brGle  assez 
facilement  3  l'air  libre  aussi.  Les  figg.  25  et  26  montrent  les  oscillogrammes 
de  la  pression  dans  la  chambre  de  combustion  en  fonction  du  temps.  La  figure  25 
concerne  la  combustion  d'un  specimen  de  AP  pur  dans  une  atmosphere  d'hydrog&ne 
3  6  atm:  pour  accentuer  la  caractfiristique  du  ph!nom&ne  on  a  employ!  un  fort 
coefficient  d1 amplification  (chaque  division  verticale  correspond  a  0,2  atm).  La 
fig.  26  concerne,  au  contraire,  la  combustion  d'un  !chantillon  de  AP  +  20%-  Cu 
r!duit  dans  une  atmosphdre  d' azote  a  4  atm:  chaque  division  verticale  correspond 
maintenant  a  0,8  atm.  Dans  la  photographic  on  peut  observer  la  ligne  de  z!ro 
de  pression  (respectivement  6  atm  et  4  atm)  et  les  points  marque-temps.  Dans  les 
deux  cas  le  pic  de  pression  au  moment  de  1* ignition  est  bien  visible,  mais  surtout 
est  bien  mise  en  evidence  la  loi  de  la  pression  dans  le  cas  de  la  combustion 
hybride  et  dans  le  cas  de  la  combustion  composite.  Les  oscillations  de  pression 
dues  a  la  flamme  de  diffusion,  avec  une  frequence  parfois  !l!v!e,  manquent  dans 
la  flamme  du  propergol. 

MELANGES  NON  COMPRIMES.  Puisque  un  fort  pourcentage  de  l'additif  transforme 
les  melanges  essay!s  en  propellants  composites  solides,  il  a  paru  utile  de  voir 
a  partir  de  quel  point  les  melanges  AP  +  m!tal  peuvent  etrc  consid!r!s  propergols 
composites  plutdt  que  des  oxydants  !nerg!tiques .  Cela  signifie  Ctudier  la  facili¬ 
ty  d' ignition  des  poudres,  ce  qui  depend  de  la  nature  et  du  pourcentage  des  com- 
posants,  de  l'!tat  physique  des  particules,  de  la  pression  etc.  Cet  Stude  a  !t! 
developp!  en  considSrant  deux  paramStres:  le  pourcentage  minimum  de  m!tal  n!ces- 
saire  pour  la  combustion  a  l'air  libre  des  poudres  et  le  d!lai  d' ignition  du 
melange. 

Malheureusement  la  co!rence  des  poudres  limite  le  pourcentage  de  l'additif  au  mo¬ 
ment  de  la  fabrication  des  !chantillons  comprim!s  et  il  a  done  fallu  pr!parer  des 
melanges  non  comprises:  les  pourcentages  de  l'additif  ajout!  au  perchlorate  d'am- 
monium  couvrent  alors  tous  les  domaines  de  I'll  au  1001  de  poids  du  m!tal  par  rap¬ 
port  au  poids  du  comburant.  Les  poudres,  bien  pulveris!es  et  m!lang!es,  sont  con- 
tenues  dans  un  cylindre  en  acier  ayant  un  diam&tre  0  =  8  mm,  1' ignition  !tant 
effectu!e  par  moyen  d'un  "squib"  noy!  dans  la  masse  du  propellant.  Les  m!taux 
essaySs  sont  A1  et  Mg,  a  cause  de  1' importance  qu’ils  ont  dans  la  technologie 
de  la  propulsion,  et  Cu  r!duit,  a  cause  de  son  particulier  6tat  physique  de 
surface. 

Le  dispositif  employ!  pour  la  mesure  du  d!lai  d' ignition  est  r!pr!sent!  dans  la 
fig.  27;  a  travers  une  cellule  photo!lectr ique  on  mesure  le  temps  qui  passe  entre 
1' instant  de  commande  de  l'allumage  du  squib  et  1' instant  oil  la  flamme  du  m!lange 
apparait  bien  stable.  La  mesure  ainsi  effectu!e  comprend  le  d!lai  i.  ffu  squib 
aussi:  ce  d!lai  a  !f!  alors  mesur!  a  part  et  on  a  obtenu,  aprds  unexs!rie  d'exp!- 
riences,  une  valeur  moyenne  r,  *  0,15  •  10-2  sec.  Cette  valeur  n'a  pas  done  gran¬ 
de  influence  sur  le  d!lai  d' ignition  du  m!lange,  qui  r!sulte  sup!rieur  d'un  ordre 
de  grandeur. 

Les  r!sultats  sont  illustr!s  dans  le  graphique  de  la  fig.  28,  qui  rapporte  le 
deiai  d' ignition  t  du  m!lange  en  fonction  du  pourcentage  X  du  m!tal.  Le  d!lai 
d' ignition  est  exprim!  en  10"2  sec.  Puisque  chaque  mesure  a  !t!  r!p!t!e  plusieurs 
fois,  sur  le  graphique  on  a  repr!sent!  les  valeurs  moyennes  de  chaque  s!rie  d'es- 
sais:  les  courbes  toutefois  ont  !t!  trac!es  par  interpolation,  suivant  la  mSthode 
des  carr!s  minimums,  avec  l'aide  d'un  computer. 

Pour  A1  (granulom!tr ie  tr!s  fine)  la  combustion  a  l'air  libre  n'a  pas  lieu  ou  est 
incomplete  jusqu'a  X  ■  20;  elle  devient  stable  pour  X  ■  30  au  moins.  Lorsque  X 
augmente  (courbe  c  de  la  fig.  28)  le  d!lai  d' ignition  t  diminue  jusqu'a  se  stabi¬ 
liser.  on  peur  consid6rer  comme  valeur  (interpol!e)  de  minimum  t  *  2,5  •  10"2  sec. 
Pour  Mg  la  combustion  a  l'air  libre,  parfois  incomplete  pour  X  *  5  et  10,  devient 
assez  stable  pour  X  «  20  au  moins.  Pour  ce  qui  concerne  le  graphique  : ,  X  (courbe 
b) ,  il  faut  avant  tout  noter  unc  certaine  dispersion  des  valeurs exp!rimentales,  ce 
qui  d!pend  des  particules  m€talliques  employees  granulometrie  non  controls*) .  En 
tout  cas  la  courbe  est  assez  semblable  a  celle  relative  au  melange  AP  ♦  Al,  mais 
avec  une  valeur  moyenne  de  deiai  plus  616v6  a  cause  de  la  diff!rente  granulometrie. 
On  peut  consi^erer  comme  deiai  minimum  t  -  3,3  •  10"2  sec.  La  courbe  c  concerne 
le  melange  Ac  *  Cu  r!duit:  la  comb jst ion  est  maintenant  complete  pour  X  *  1  aus¬ 
si,  mais  le  d!lai  d' ignition  est  important  (entre  autre  chose  la  granulometrie 
n'est  pas  si  fine  que  *elle  relative  aux  particules  de  Al).  Le  deiai  minimum  vaut 
r  ■  4,6  •  10~2  sec. 


CONCLUSION 

Les  experiences  conduites  montrent  que  la  Vitesse  linSaire  de  regression  de  spe¬ 
cimens  comprim6s  de  perchlorate  d'ammonium  dans  un  6cou2ement  gazeux  est: 

-  favoris!e  surtout  par  l'emploi  d'hydrogene,  ce  rfsultat  ayant  dijj  !t!  trouv!e 
che:  l'ONERA  pour  une  different*  geometric  des  !chantillons  (spheres  au  lieu 
de  cylindre*'  mats  dans  des  conditions  op6ratoires  parcilles; 

-  accei!r6e  de  facon  bien  remarquable  par  des  additifs  ayant  une  grande  surface 
de  reaction; 
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-  facilitfie  par  1' addition  de  mdtaux  lfigers  et,  en  general,  de  mfitaux  ayant 
une  grande  chaleur  de  combustion; 

-  diminude  sensiblement  par  l'addition  du  perchlorate  de  lithium,  mSme  3  la 
presence  d' acceierateurs  de  la  decomposition  thermique  des  deux  comburants; 

-augmentfie  par  la  pression,  mais  de  fagon  pas  tr6s  sensible  3  moins  d'ajouter 
des  acceierateurs  de  combustion. 

Si  d'une  c6tS  la  rapiditd  de  combustion  des  Schantillons  de  AP  pur  apparait  limi- 
tee,  tout  au  moins  3  la  pression  atmospherique  et  cause  1 ' independence  de  la 
temperature  de  surface  de  la  nature  du  combustible  gazeux,  par  la  flamme  de  dif¬ 
fusion  du  gaz  avec  les  produits  oxydants  de  la  decomposition  de  HC10,,  d' autre 
cote  il  est  difficile  d'admettre  que  la  temperature  de  surface  du  solide  ne  soit 
pas  modifi6e  par  l'addition  de  certains  metaux.  D'ailleurs  plusieures  experien¬ 
ces  ont  mis  en  evidence  une  variation  de  la  temperature  de  surface  du  comburant 
soit  aux  pressions  subatmospheriques  (40)  soit  aux  pressions  trSs  616ves  (SI). 

Les  additifs  metalliques  valides  comme  acceierateurs  de  la  combustion  de  AP  pour- 
raient,  done,  par  moyen  de  la  diffusion  des  produits  actifs  des  reactions  de 
redox  favoriser  la  transmission  de  chaleur  de  la  phase  gazeuse  vers  la  phase  soli¬ 
de  si  bien  que  constituer  des  centres  actifs  pour  la  decomposition  du  perchlorate. 
Les  autres  additifs  metalliques,  au  cor.traire,  bornent  la  rapidit6  de  combustion 
de  AP  3  travers  la  formation  de  composes  interm6diaires  assez  tables  et  done  de 
fagon  independante  du  debit  gazeux. 

L'effet  des  catalyseurs  de  la  decomposition  thermique  de  AP  pourrait  enfin  s'expli- 
quer  sur  la  base  de  questions  proprement  chimiques.  En  effet  on  a  trouve  (52)  que 
les  catalyseurs  les  plus  efficaces  sont  ceux  qui  augmentent  la  quantite  d'oxygfcne 
degage  pendant  la  decomposition  du  solide:  dans  ces  conditions  le  perchlorate,  en 
considdrant  la  concentration  des  produits  oxydants,  rdsulte  plus  rCactif.  Cette 
hypothSse  s'accorde  trSs  bien  avec  nos  resultcts  experimentaux,  puisque  les  compo¬ 
ses  du  cuivre  et  en  particulier  CtijO  facilitent  sensiblement  la  formation  de  O2 
par  rapport  3  NiO  et  N0C1 .  4 

Cependant  les  resultats  obtenus  peuvent  interesser  la  technologie  de  la  propulsion 
dans  la  mesure  de  validite  des  experiences  conduites  dar.s  un  dispositif  comme  la 
bombe  Crawford  plus  ou  moins  modifiee.  D'ailleurs  1' importance  du  perchlorate 
d'ammonium  dans  la  preparation  des  propellants  composites  et  le  developpement 
que  AP  pourrait  avoir  en  agissant  comme  comburant  solide  dans  un  procis  de  combu¬ 
stion  hybride  demande  une  connaissance  des  propriet6s  balistiques  de  tel  perchlo¬ 
rate  qui  ne  soit  pas  seulement  d6rivee  des  experiences  sur  les  fusees.  A  propos 
il  faut  remarquer  que  des  essais  de  combustion  hybride  de  grains  solides  de  AP 
avec  un  debit  d'hydrogdne  ont  ete  d€j3  faits  ch6z  nos  laboratoires .  Des  travaux 
sont  en  cours  de  realisation  pour  determiner  la  Vitesse  de  regression  du  gra^n 
solide  et  la  confronter  done  avec  celle  des  specimens  cylindriques  comprises. 
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Fig.  24  -  Influence  de  la  pression  sur  la  vitesse  lin6 
+  Cu  r6duit. 
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Fig.  ?F  -  Oscillogramme  de  la 
press ion  pendant  une  combustion 
hybride. 


Fig.  26  -  Oscillogramme  de  la 
pression  pendant  la  combustion 
d'un  propergol  composite. 


Fig'  27  ’  folpriml?  syst6me  de  mesure  du  d ' ignition  d'un  milange  non 
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Discussion  on  the  Paper 

THE  REACTION  OF  METALS  AND  ALLOTS  PITH  GASES  AT  ELEVATED  TEMPERATURES 

(Pap-!!  2) 
presented  by 
R. A. Rapp,  USA 


J .  S.  Shecsby 

In  your  paper  you  attribute  the  pressure  dependence  of  the  parabolic  rate  constant  of  niobium  to  the  effect 
of  impurities  in  the  oxide.  Are  you  sure  that  this  is  the  whole  story?  I  do  not  think  it  matters  too  much 
whether  the  diffusion  coefficient  is  impurity  controlled  or  not;  the  difficult  part  is  explaining  why  the 
apparent  dissociation  pressure  of  y  -  Nb205  is  about  10'14  atm. 


R.  A.  Rapp 

The  complex  oxidation  behavior  of  niobium  is  certainly  not  yet  completely  understood,  despite  recent  signifi¬ 
cant  progress.  The  experimentally  observed  P0j-dependence  of  parabolic  scaling  rates  cannot  be  rationalized 
within  the  classical  theory  which  assumes  absolutely  pure  oxides,  and  indeed,  our  oxidation  specimens  are  highly 
impure.  Kofstad’s  theory*  is  a  self-consistent  rationalizaticn  of  the  experimental  observations  in  terms  of  a 
doped  scale. 

■*S 

I  am  not  aware  of  any  experimental  evidence  indicating  such  a  highly  irregular  dissociation  pressure  for 

y  -  Nbj05  . 


P. Hancock 

'  would  like  to  make  two  comments  on  Dr  Rapp’s  paper. 

Firstly,  on  the  work  of  Quets  and  Dresher,  the  diagrams  produced  apply  to  equilibrium  conditions,  out  in 
Sulphidation  conditions  internal  attack  of  the  material  usually  occurs.  Under  these  conditions  equilibrium 
data  can  be  very  misleading  for  the  corrosion  reactions  are  determined  hy  kinetic  rather  than  equilibrium 
thermodynamic  considerations.  For  instance  it  has  been  shown  that  internal  sulphur  corrosion  of  nickel -chromium 
alloys  results  in  both  nickel  and  chromium  sulphide  being  present  in  the  alloy*,  whereas  thermodynamic  considera¬ 
tions  suggest  that  only  chromium  sulphide  should  be  present. 

Secondly,  a  comment  on  the  excellent  pictures  by  Howes  showing  voids  at  the  oxide-metal  interface.  It  is 
interesting  to  note  that  if  the  oxide  is  not  strongly  adherent  then  voids  form  at  the  interface  as  shown. 

However,  if  the  oxide  is  highly  adherent,  as  in  nickel,  then  the  vacancies  do  not  principally  precipitate  at 
the  interface  but  progress  into  the  metal  forming  voids  at  the  internal  grain  boundaries,  as  shown  Uf  work  at 
Glasgow  in  1966.  Therefore  we  have  this  interesting  balance  that  if  the  oxide  is  adherent,  vacancies  move  into 
the  metal  and  ruin  its  creep  resistance,  whereas  if  the  oxide  is  non-adherent  the  voids  precipitate  at  the 
oxide-metal  interface  rendering  the  oxide  :-ei  more  liable  to  spalling  and  causing  subsequent  accelerated 
corrosion  of  the  alloy.  This  raises  the  question  of  what  is  the  type  of  interface  that  is  needed  for  a  material 
for  high  temperature  service? 


R.  A.  Rapp 

The  use  of  thermodynamic  considerations  and  the  assumption  of  local  equilibrium  in  the  analysis  of  kinetic 
processes  has  often  provided  useful  rationalizations  and  predictions.  In  the  sulfidation  of  nickel -chromium 
alloys,  the  chromium  sulfides  are  found  at  a  greater  depth  in  the  alloy  than  the  nickel  sulfides  which  is  in 
agreement  with  the  thermodynamic  stability  diagram  of  Figure  3.  The  formation  of  Ni3S„  (even  beneath  a  NiO 
scale)  is  allowed  hy  the  stability  diagram.  That  CrS  and  Ni3S2  might  be  found  together  in  a  microstructure 
over  some  range  of  Ps  and  P0j  Joes  not  agree  with  the  stability  diagram  but  only  indicates  that  the  rate 
of  their  reaction  to  eliminate  the  unstable  phase  is  too  slow  to  achieve  local  equilibrium.  Nevertheless, 
thermodynamics  and  local  equilibrium  are  of  great  utility  in  analyzing  the  kinetics  of  solid-state  reactions 
involving  processes  like  diffusion,  precipitation,  dissolution,  displacement  reactions,  etc. 

Your  comments  concerning  the  effect  of  oxidation  on  creep  resistance  are  interesting.  The  best  available 
solution  to  the  alloy  oxidation  problem  (and  this  solution  is  emphasized  by  aluminide  coatings)  sepms  to  be 
the  formation  of  a  scale  which  grows  at  a  very,  very  slow  rate  (A1 ?03 ,  even  though  it’s  brit.el,  with  enough 
of  the  alloying  element  available  to  renew  the  scale  after  a  fracture.  As  an  aid  to  scale  adherence,  rare- 
earth  additions  (as  either  solute  or  oxide)  seem  to  decrease  the  sensitivity  of  the  scale  to  ermal  and  mechani¬ 
cal  stresses,  The  mechanism  for  this  effect  has  not  been  sufficiently  clarified  in  the  liter  ure. 


*  See  Reference  33.  page  2-8. 

*  Hancock,  P.  Proc.  1st  Internal  Tonf.  on  Metallic  Corrosion,  Butterworth,  London,  1962,  pp  ' “3-201. 
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Discussion  on  the  Paper 

PARAMETRES  THEORIQUES  ET  DETERMINATIONS  EXPERIMENT  ALES 
DANS  L’  ETUDE  DE  MATER) AUX  StUMIS  A  L’ ABLATION 
(Paper  3) 

presented  by 

E.Gu^rini  and  R.  Joatton,  Prance 


M.G.  Scherberg 

(that  were  the  shapes  of  the  bodies  used  in  the  plasma  tests?  Certain  shapes  cause  ablation  strlation  in  the 
exposed  surfaces  and  hence  are  of  interest. 


E.  Guerini 

Les  maquuHes  d’ essais  constituent  la  4eme  paroi  d’ un  tube  carre',  les  3  autres  e'tar.t  en  cuivre  refroidi. 

Nous  n’ avons  jamai .  remarqud  dans  ce<*  conditions  de  striures  apres  essais.  mais  simplement  des  ondulat.ions 
dans  le  cas  do  materiaux  resistant  mal  a  1'  ablation. 


il.  E.  Rosner 

In  view  of  the  high  reported  concentrations  of  hydrogen  in  the  pyrolysis  gases,  to  what  extent  is  the  coke 
outer  surface  "protected"  from  direct  attack  by  oxygen  (via  combustion  in  the  boundary  layer)  in  the  atmospheric 
pressure  environmental  tests  discussed? 


E. Guerini 

C  est  un  probleme.  actuellement,  que  de  connaitre  la  quantite  d’ oxygene  qui  atteint  la  surface.  II  est  fort 
probable  que  les  gaz  de  pyrolyse  constituent  un  e'eran;  il  faut  savoir  dans  quelles  proportions. 


J.F.  Lieberherr 

Les  rdsultats  pr&jente's  par  MM.  Guerini  et  Joatton  sont  tres  interessants,  en  partienlier  en  ce  r£ui  concerno 
la  disparition  des  fils  de  silice,  cc  qui  semble  indiquer  une  re'action  de  Si02  avec  C  a  une  t.empe'rature 
relativement  basse.  La  question  est  de  savoir  si  une  telle  reaction  peut  se  produire  dans  des  conditions 
rdalistes  d’ utilisation  des  mate'riaux  ablatifs  sur  une  tete  de  reentr^e.  En  effet.  si  1’ oxygene  ambiant, 
lorsqu’  il  y  en  a,  parvient  diff icilement  a  la  sun  ions  certaines  conditions  d'essai  eltdes  (chauffage  par 
rayonnement),  un  peu  plus  facilement  dans  d' autres  vchauffage  convectif  par  ecoulement  tangentiel),  il  n’ en 
est  plus  de  memo  quand  il  y  a  un  point  d’ arret  de  1’ ecoulement  a  la  surface  du  oate'riau.  Les  resultats  obtenus 
a  1’  ONERA  moc.irent  que  1’ oxygene  du  gaz  exterieur  a  un  effet  notable  et  que  les  conditions  ne  sont  pas  du  tout 
les  memes  avec  un  chauffage  par  plasma  d’ argon  et  par  plasma  d’air.  Dans  le  premier  cas  on  peut  imaginer  une 
reduction  de  Si02  par  C  alors  que  le  dans  le  deuxiferae  SiO?  semble  inerte  et  c’ est  le  carbone  qui  re'agit 
avec  1’ oxygene  de  l’air. 


E. Guerini 

1.  Les  essais  que  nous  avons  commentes  presentent  une  temperature  de  paroi  de  2200°C.  Il  ne  s'  agit  done 
pas  ae  temperatures  mode'rees. 

2.  Les  reactions  silice-carbone  seront  dtudides  en  faisant  varier  la  teneur  en  oxygene.  Nous  tiendrons  alors 
comote  de  ces  resultats  pour  les  applications  en  fonction  de  la  teneur  en  oxygene  de  la  coucbe  limite. 

Nous  pei.sons  toutefois  que  les  essais  au  jet  de  plasma  en  e'coulement  tangentiel  sont  nssez  repre'sentatifs  de 
la  section  courante  d’ un  corps  de  rentree.  Le  point  d'arr§t,  toujours  dtmensionne  surabondamment  n’  est  pas  pris 
en  consideration. 


G.  A.  Heath 

Have  you  observed  any  formation  of  silicon  carbide  during  the  ablation  process?  Silicon  carbide  has  a  brown 
colour  and  should  be  distinguishable  from  the  carbon  char  zone.  Do  you  think  that  the  formation  of  silicon 
carbide,  wl.ich  has  the  desirable  effect  of  ebsorbing  a  large  amount  of  heat  (endothermic  reaction),  should  be 
encouraged  by  the  addition  of  suitable  catalysts  to  the  ablative  material? 
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E.  Guerini 

Nous  n’ avons  Jamais  observe  do  dep3t  de  carbure  d.  silicium  apres  essai. 


Toutefois,  la  re'action 


est  possible. 


Si02  +  3C  SiC  +  2 CO 


Mais  en  pre'sence  d'une  autre  reaction  telle  que 


SiO  2  +  C  — *  SiO  +  CO 


re'action  qui  est  ires  vraisemblable,  on  peut  avoir: 


SiC  t  SiO  2Si  +  CO 


ce  qui  expliquerait  la  disparition  de  SiC. 


Nous  n’ avons  pas  envisage'  la  catalyse  de  la  reaction 

Si02  +  3C  SiC  +  2C0  . 

11  est  bien  e'vident  que  la  forte  ehaleur  d’ absorption  de  cette  re'action  (132K cal/mole)  est  interessante  dans 
les  bilans  theinuques. 


Discussion  on  the  Paper 

TRANSFERT  Dt  CHALEUR  ET  DE  MATIERE  AO  DESSUS  D’  ONE  SURFACE 
CATALYTIQI  i.  DANS  ON  ECOULEMENT  TORBOLENT 
(Paper  5) 
presented  by 

M.Trinite  et  P. Valentin,  France 


D.  E.  Rosner 

For  *his  general  class  of  flows,  there  should  be  a  nonequilibrium  region  in  which  partial  chemical  kinetic 
control  is  encourtered  sufficiently  close  to  the  discontinuity  in  catalyst  activity  (cf.  e.g.  Rosner,  D.E. ,  Eleventh 
Symposium  '’International)  on  Combustion.  The  Combustion  Institute,  1967,  pp. 181-196).  Is  this  chemical 
"relaxation  length”  large  enough  to  be  measurable  at  any  of  the  reported  Pd-catalyst  temperature  levels? 

M.Trinite  and  P.  Valentin 

In  our  problem,  the  chemical  reaction  is  only  controlled  by  the  diffusion  and  not  by  the  chemical  kinetics. 

This  has  been  verified  by  the  concentration  profiles  near  the  wall,  it  means  C  =  0  if  y  =  0.  this  proves 
that  the  catalyst  combustion  is  complete  at  the  wall.  It  is  however  certain  that  in  the  first  millimeters,  we 
may  not  affirm  that  the  catalyst  combustion  is  complete  because  our  measurements  are  not  sufficiently  well 
defined  very  close  to  the  discontinuity. 

The  results  about  eddy  diffusivity  which  are  presented  in  the  paper  do  not  take  into  account  the  first  milli¬ 
meters  after  the  discontinuity,  but  the  latter  are  the  most  important  ones  concerning  the  chemical  kinetics. 


Discussion  on  the  Paper 

KINETICS  OF  PHASE  BOUNDARY  REACTIONS  BETWEEN  GASES  AND  METALS 

(Paper  8) 

presented  by 
H.J  Grabke,  Germany 


D.  E.  Rosner 


The  rate-limiting  role  of  dissociative  adsorption  in  A?  gas/solid  reactions  (A- 0,C1.  F, . . . )  forming  volatile 
reaction  product?  recently  prompted  us  to  systematically  study  the  corresponding  reactions  in  atomic  streams 
under  otherwise  comparable  c  .nditions  (cf.  e.g,  Rosner,  D.E.  and  Allendorf,  H.D.  ,  J.  Electrochem.  Soc. ,  Vol.114, 
pp.  305-314,  1967).  In  the  sai,°  spirit,  it  would  appear  fruitful  to  examine  phase  boundary -control  led  dissolution 
reactions  in  dir  oriated  gas  systems  in  which  the  need  for  dissociative  adsorption  (or,  dissociation  of  pre¬ 
adsorbed  molecules)  is  thereby  circumvented. 
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ttnile  the  emphasis  in  your  present  paper  is  understandaoly  on  methodology  and  potentialities  ratner  than 
experimental  technique,  I  am  nevertheless  curious  about  the  sensitivity  of  such  kinetic  results  to  impurity 
level  in  either  gas  feed  or  the  iron  filament.  Have  you  had  the  opportunity  to  exploit  the  tnin  foil  technique 
to  study  the  (sometimes  dramatic)  poisoning  effect  of  foreign  gases  on  the  kinetics  and  mechanism  of  dissolution 
of  non-metallic  elements  in  metals? 


H.J.Grabke 

It  certainly  would  be  very  interesting  to  study  the  dissolution  reactions  of  gases  in  metals  with  pre- 
dissoziated  gases.  In  that  way  one  could  get  informations  on  the  reaction  steps  other  than  the  dissoziation 
step,  which  comprise  the  phase  boundary  reaction. 

To  answer  the  other  part  of  your  question  I  must  say  that  I  have  always  tried  to  use  very  pure  materials, 
gases  and  metals,  and  to  avoid  the  influence  of  Impurities.  But  it  is  known  from  the  results  of  L.S. Darken 
and  E.T.Turkdogan  (in  Proceedings  Int.  Conf.  Metallurgy  and  Materials  Science,  "Heterogeneous  Kinetics  at 
Elevated  Temperatures1’,  University  of  Pennsylvania  1969)  that  especially  surface  active  atoms  like  sulfur  and 
oxygen  can  have  a  pronounced  effect  on  kinetics  at  metallic  surfaces. 


Discussion  on  the  Paper 

OXIDATION  STUDY  OF  ZIBCONIUJI  DIBORIDE  WITH  VARIOUS  ADDITIVES 

(Paper  9) 

presented  by 

H.C. Graham  and  W.C. Tripp,  USA 


D.E.  Rosner 

For  ultimate  application  to  lifting  vehicle  leading-edges,  and  for  refractory  composites  including  silicon 
carbide  and/or  carbon,  our  previous  work5'6  leads  me  to  suggest  that  the  e  materials  be  characterized  and 
optimized  in  well-defined  dissociated  oxygen/nitrogen  mixtures  at  suitably  low  pressures  rather  than  in  0,(g) 
alone.  Have  subatmospheric  pressure  arc  jet  tests  been  completed  on  this  class  of  boride  composites,  and,  if 
so,  in  what  ways  do  the  recession  or  weignt  chaige  kinetics  diifer  significantly  from  those  illustrated  in  your 
paper? 


H.C. Graham  and  W.C. Tripp 

Under  Contract  AF33(615)-3859  entitled  “Stability  Characterization  oi  Refractory  Materials  Under  High  Velocity 
Atmospheric  Flight  Conditions”  sponsored  by  the  Air  Force  Materials  Laboratory,  arc  jet  test  has  been  conducted 
on  these  materials.  There  is  a  senes  of  final  reports7  on  this  contract  which  summarize  the  results.  We  have 
not  compared  these  results  to  ours  since  the  two  experiments  were  carried  out  under  quite  different  experimental 
conditions. 


J.C.  Lewis 

In  view  of  the  applications  envisaged  and  the  high  temperatures  of  operation  mentioned,  and  the  practical 
difficulties  involved  in  thermogravimetric  analysis  at  such  high  temperatures,  the  measurement  of  recession 
rates,  rather  than  weight  loss  rates,  may  be  both  easier  and  more  relevant  -  don’ t  you  agree?  After  all,  what 
we  are  interested  in  is  the  change  in  geometry,  rather  than  in  the  weight,  of  a  nozzle  or  nose  cone. 


H.  C. Graham 

In  answer  to  the  first  part  of  the  quest  lot.  I  would  sav  that,  yes,  the  measurement  of  recession  rates  mav  be 
both  easier  and  more  relevant,  but  would  arid  -  for  any  given  configuration  or  e.  vli-onmont.  1  would  not  agree 
that  we  are  only  interested  In  the  change  of  geometry.  Our  measurements  are  d<  .gned  to  determine  the  transport 
properties  of  the  material  as  a  function  of  ambient  conditions.  We  atso  accurately  determine  the  ktnetlcs  of 
the  processes.  Using  both  these  determinations  It  is  popslble  to  accurately  predict  the  behavior  under  various 
environmental  conditions. 


Reference  5. 


Reference  6. 


Rosner,  D.6. 


Rosner,  n.E 
Allendorf,  H.D. 


Supersonic  Flow,  Chemical  Practise*  and  Raihai  ive  Trun.'fer,  ..CARO  -  Pcraamon  Pt-’iss,  pp.  439-483, 
1964. 

Nitrogen  as  an  Ablative  Reactant  in  Dissociated  Air  AiAAJ.  in  presr.;  nee  aleo  ibid. ,  Vol.6, 
pp. 650-654,  1968. 


Reference  7. 


AFMU  TR69-84,  Part  I.  Vol.l;  Part  II.  Vela. I.  II  and  III;  Part  III,  Vola.l.  IT  a  !  ill;  Part  IV. 
VoIs.I  and  II,  December  1969. 
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H. J. Grabke 

How  do  you  explain  that  the  vaporization  rete  of  B,,03  remains  constant,  in  spite  of  the  growing  layer  of 
zirconia? 

Do  you  assume  that  the  liquid  B?03  goes  through  pores  in  the  zirconia  layer  to  the  surface’ 


H.  C.  Graham  and  W.  C.  Tripp 


We  have  been  able  to  measure  independently  total  oxygen  consumption,  net  weight  change,  and  vaporization 
rates.  Prom  these  measurements  we  have  found  that  the  following  equation  described  the  oxidation  of  Material  I, 
ZrBj  with  no  additives. 


Am /A 


-6000 

17, 65  e - 

T 


,i/J 


-23000 

+  9.  15  x  10  e  -  t  , 

T 


where  Am/A  is  the  total  oxygen  consumed  in  mg/cmJ  ,  t  is  time  in  minutes,  and  T  is  the  temperature  in  degrees 
Kelvin.  The  first  term  on  the  right  represents  the  net  sample  weight  change,  i.e.,  the  oxygen  consumed  in  forming 
Zr02  and  B?03  minus  the  weight  of  any  B203  vaporized.  The  second  term  on  the  right  is  the  weight  of  any  B?03 
that  has  vaporized. 

Our  experiments  have  shown  that  ZrB?  -xidizes  stoichiometrically ,  at  least  over  the  temperature  range  of  800° 
to  1400°C.  In  this  temperature  range  there  will  always  be  more  B?0 3(l)  on  the  specimen  than  can  evaporate  and 
the  vaporization  rate  is  constant.  However,  for  long  periods  of  time  or  higher  temperatures,  the  vaporization 
can  reach  a  rate  equal  to  the  rate  of  formation.  This  time  and  temperature  can  be  calculated  from  the  equation. 

As  this  point  is  reached,  the  vaporization  rate  might  not  remain  constant,  but  would  be  expected  to  follow  the 
kinetics  of  the  formation  of  B203  .  We  have  not,  as  yet,  made  these  measurements. 

Berkowitz*  has  shown  from  microstructure  examination  evidence  that  ZrB?  oxidizes  by  the  inward  diffusion  of 
oxygen.  Microstructure  studies  on  these  materials  present  some  difficulties  because  B203  is  liquid  above 
450°C  and  hydrates  rapidly  in  air.  However,  some  recent  microstructure  examinations  we  have  done  certainly 
indicate  that  the  B?03  is  distributed  through  the  porous  zirconia  layer. 

*  See  Reference  4,  page  9-3. 


Discussion  on  the  Paper 

OXIDATION  OF  SILICON  AND  SILICON  CARBIDE  IN  GASEOUS 
ATMOSPHERES  AT  1000-1300°C 
(Paper  10) 

presented  hy 

J.E.  Antill  and  J.  B.  Warburton  UK 


D.  E.  Rosner 

The  inapplicability  of  a  uuasi-thermodynanic  active-passive  transition  criterion  for  the  oxidation  rate  of 
silicon  carbide  in  systems  free  of  external  (gas  phase)  transport  limitations  has  been  verified  in  our  recent 
experimental  studies  of  the  behavior  of  SiC(s)  in  dissociated  oxygen  and  nitrogen  (Rosner,  D.  E.  and  Allendorf.  H.D.  ) 
J.  Phys.  Chen,  submitted).  A  more  reasonable  estimate  in  such  cases  follows  directly  from  a  general  expression 
for  the  steady  state  silica  film  thickness  (resulting  from  a  balance  between  parabolic -type  scale  growth  and 
outer-surface  sublimation)  by  inquiring  into  the  environmental  conditions  (Pj,.T*>  that  would  cause  this  film 
to  b  of  "atomic"  dimensions.  This  latter  method  also  rationalizes  the  large'difference  in  transition  locus 
we  have  observed  upon  oxygen  dissociation. 

From  the  existing  literature  on  the  high  temperature  transition  from  passive  io  active  behavior  one  gets  the 
rroneous  impression  that  the  condition  of  net  specimen  weight  /<>"  is  a  suitable  .  rlterion  for  "active"  oxida¬ 
tion.  However,  it  is  also  evident  from  our  high  temperature  measurements  (/or.  m.i  that  the  time  transition 
from  passive  (i.e.  SiO.ic) -surface  layer)  to  active  (i.e.  "hare"  surface)  behavior  ran  occur  well  itithm  the 
weight  loss  regime,  and  1h  better  distinguished  ktncttcilly  hy  <il  a  marked  reduction  in  the  sensitivity  of 
the  reaction  rate  to  specimen  temperature  (i.e.  reduction  in  apparent  activation  energy!  and  (ii)  an  increase 
in  react! -a  order  with  respect  to  oxygen.  Thus,  nei  specimen  weight  loss  is  only  a  nec-ssary  (but  not  sufficient) 
condition  for  true  bare  surface  behavior. 


.I.E.  Ant  ill  end  J.  8.  War  bur  ton 

The  data  of  Professor  Reiner  showing  the  inapplicability  of  the  mass  transpor!  theory  for  the  art  lvo -passive 
transition  is  most  welcome  support  for  our  data.  With  regard  to  the  physical  interpretation  of  the  results, 
two  possibilities  exist,  tlie  one  mentioned  by  Professor  Rosner  and  one  in  which  there  is  an  incomplete  silica 
film  during  active  oxidation.  We  favour  the  latter  with  the  silica  films  being  either  porous  or  more  probably 
associated  with  particular  areas  (*.g.  grains)  of  the  carbide  surface.  SIO  formation  would  then  occur  to  a 
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considerable  extent  at  the  triple  environoent-silica-silicon  carbide  boundaries  as  well  as  at  the  “bare"  surface. 
The  definition  of  active  oxidation  would  therefore  be  one  where  the  partial  pressure  of  SiO  at  the  specimen 
surface  would  be  greater  than  that  given  by  the  dissociation  of  silica 

Si02-*  SiO  +  jO?  , 

rather  than  the  existence  of  a  completely  "bare"  surface  or  the  condition  of  a  net  specimen  weight  loss. 


P.  Hancock 

I  would  like  to  ask  the  author  two  questions. 

Firstly  -  do  you  really  have  parabolic  behavior,  did  you  try  to  fit  the  best  equation  to  the  results. 

Secondly,  a  general  point,  I  think  it  is  true  that  we  all  stopped  automatically  plotting  logkpvcl/T. 

The  errors  involved  in  these  plots  are  extremely  large  and  I  think  that  the  values  of  "activation  energy” 
obtained  have  little  use.  I’m  glad  to  see  that  Dr.Antill  deliberately  did  not  mention  an  activation  energy, 
but  I  would  like  to  ask  him  whether  he  has  any  comment  on  "energies”  obtained  in  this  way  in  view  of  the 
scatter  obtained  in  his  results  (Fig. 4  and  5).  This  scatter  despite  the  fact  that  he  had  a  thin  uniform  scale 
with  no  internal  penetration. 


J.E.Antill  and  J.  B.  War  bur  ton 

Parabolic  and  Arrhenius  plots  have  been  used  primarily  as  a  convenient  means  of  reporting  the  data,  but  also 
because  they  have  fundamental  bases.  Tk?  adherence  to  a  parabolic  law  was  in  general  good,  especially  for 
silicon  (e.g.  Figure  6).  However,  as  stated  in  the  paper,  with  both  silicon  and  silicon  carbide  after  long 
exposure  periods  the  reaction  rates  occasionally  decreased  at  a  greater  rate  than  predicted  by  the  parabolic  law. 

No  "errors”  are  involved  in  reporting  data  in  this  manner  and  criticism  can  only  arise  from  interpretation  of 
the  plots.  As  Dr  Hancock  points  out  activation  energies  have  not  been  calculated  because  the  extent  and  repro¬ 
ducibility  of  the  data  are  not  sufficient  to  obtain  meaningful  values  for  these  energies. 


R.  Monti 

From  Figure  5  it  is  hard  to  conclude  about  the  decreasing  of  the  reaction  rate  k  with  increasing  temperature 
for  silicon;  there  appears  to  be  only  one  experimental  point  (around  1000°C)  -  Is  it  possible  that,  for  instance, 
the  high  k  at  1000°C  is  due  to  an  uncontrolled  higher  contamination  with  air? 


J.E.Antill  and  J. R. Warburton 

The  decrease  in  the  rate  constant  with  increasing  temperature  for  silicon  in  water  vapour  has  been  well  sub¬ 
stantiated.  At  each  of  the  two  pressures  duplicate  experiments  were  carried  out  at  each  temperature,  the  trend 
being  obtained  at  each  pressure.  Also  the  experiments  during  which  the  pressure  was  changed  (Fig. 6)  provided 
further  confirmation.  The  results  could  not  be  attributed  to  air  contamination  as  in  the  experiments  where  this 
did  apply,  reaction  rates  were  high  and  similar  for  both  silicon  and  silicon  carbide.  In  contrast  the  experi¬ 
ments  without  air  contamination  produced  markedly  different  behaviour  for  the  two  materials,  and  therefore  if 
contamination  was  responsible  for  the  odd  temperature  dependence  it  would  have  to  have  been  confined  to  one 
material  at  one  temperature,  ana  to  have  been  reproduced  five  times. 


H. J. Grabke 

1  should  like  to  propose  to  Dr  Antill  to  use  HjO-Hj  mixtures  for  his  oxidation  studies  -  then  he  has  a 
defined  oxygen  potential  in  the  gas  atmosphere.  In  his  oxidation  studies  with  water  vapor  solely  he  has  a 
very  undefined  oxygen  activity  at  the  surface,  established  by  a  stationary  state  of  the  reaction:  oxygen 
transfer  from  the  H?0,  giving  H?.  Thus  the  oxygen  potential  is  dependent  on  the  rate  of  this  transfer. 

It  is  impossible  to  calculate  the  gradient  of  oxygen  potential  in  the  silica  layer  in  that  case,  whereas  it 
la  possible  if  H20-H.,  mixtures  are  used. 


J.E.Antill  and  J.  B.  Rarburlon 

I  agree  that  the  use  of  mixtures  is  a  convenient  means  to  obtain  a  range  of  oxygen  potentials  in  a 

gas.  but  was  unfortunately  not  possible  in  this  work  for  experimental  reasons.  However,  the  oxygen  potential 
was  fixed  for  a  particular  temperature,  but  varied  with  the  experimental  temperature  according  to  the  equll  brlum 

H?0  j!  H,  t  *0.  . 

Removal  or  oxygen  by  the  corroaion  of  the  silicon  or  silicon  canide  will  not  have  signiflcsntly  disturbed  this 
equilibrium  as  the  corrosion  rates  were  slow  by  comparison  with  the  gas  reactions  associated  with  the  equilibrium. 
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R.  A. Rapp 

Did  you  experience  any  Increased  vaporization  with  the  oxidation  of  Si  and  SIC  by  HjO  vapor?  In  other 
words,  is  there  any  evidence  for  volatile  silicon  hydroxides’ 


J.  E. Anti  11  and  .J. B. Warburton 

Evidence  for  the  formation  of  volatile  silicon  hydroxides  was  specifically  sought  in  tests  with  small  blocks 
of  vitreous  silica,  but  none  was  found. 


G.  A.  Heath 

I  should  like  to  ask  a  question  on  a  practical  aspect  of  this  work.  I  am  interested  in  the  use  of  silicon 
carbide  as  an  oxidation  protection  coating  for  graphite.  Have  you  studied  the  oxidation  of  silicon  carbide  in 
the  form  of  thin  coatings  on  graphite  where  residual  stresses  at  the  surface  could  possibly  affect  rates  of 
oxidation? 


J. M. Hutcheon 

This  is  an  old  problem  in  the  Atomic  Energy  field.  One  problem  is  the  matching  of  thermal  expansion  coeffi¬ 
cients.  This  has  led  to  the  development  of  special  graphites  to  match  the  silicon  carbide. 


J. C. Lewis 

I  recall  some  work  on  SiC  coating  of  graphite,  reported  to  the  British  Ceramic  Research  Association  some 
years  ago,  which  suggested  that  the  main  disadvantage  of  these  coatings  was  not  so  much  thermal  mismatch  with 
the  substrate  material  as  of  pinholes  in  the  coatings.  The  solution  proposed  at  that  time  was  the  rather 
unsatisfactory  one  of  sealing  the  holes  with  molten  silicon.  Can  anyone  say  whether  the  situation  has  improved 
since  then’ 


J.E.Antill  and  J.  B.  Warburton 

One  of  the  main  problems  with  silicon  carbide  coatings  on  graphite  is  the  filling  or  bridging  of  open  pores 
in  the  graphite  as  these  areas  represent  regions  of  structural  weakness  in  the  coating.  Cracks  are  often  present 
in  these  areas,  leading  to  an  undermining  of  the  coating  on  oxidation  over  the  long  term,  although  appreciable 
benefits  are  usually  obtained  over  the  short  term. 


D.  E.  Rosner 

Regarding  the  use  of  silicon  carbide  to  "protect”  graphive,  it  is  interesting  to  note  that  at  sufficiently 
high  temperatures  (e.g.  above  about  1850°K  at  an  0?-pressure  of  3  xlO"JTorr)  our  recent  measurements  reveal 
higher  reaction  probabilities  for  0?(g)  on  pyolytlc  SiC(s)  than  on  graphite  (Rosner,  3.E.  and  Allesdorf,  H.D. ) 
Carbon,  Vol.7,  pp. 515-518,  1969;  AIAA  J  ,  Vol.6,  pp. 650-654,  1968).  We  p,1so  find  that  a  high  temperatures 
silicon  carbide  is  far  more  readily  attacked  by  atomic  nitrogen  than  is  graphite. 


I.  C.  Anti  II  and  J.  B.  Warburton 

The  point  made  hy  Professor  Rosner  would  be  relevant  to  the  performance  of  coatings  when  active  corrosion 
of  silicon  carbide  was  operative.  The  behaviour  of  graphite  and  the  carbide  would  then  be  analogous.  However, 
if  the  oxygen  pressure  was  sufficiently  high  to  form  appreciable  amounts  of  silica  as  distinct  from  SiO , 
passive  oxidation  would  he  obtained  and  the  carbide  would  be  markedly  less  reactive  than  graphite. 


DiNci'ssion  on  the  Paper 

1  HE  OXIDATION  OF  NIOBIUM  IN  THE  TEMPERATURE  RANGE  350°-600°C 

(Paper  II) 

presented  by 
J,  S.  Sheasby.  Canada 


H.  B.  Kirkpatrick 

In  earlier  work  on  the  lew  temperature  oxidation  ol  nlobiem.  we  observed  the  de'elopoent  of  globules  of  a 
r.-w  phase  c*  the  metal-metal  oxide  interface  during  the  transition  from  parabolic  to  linear  kinetics.  Has 
Dr  Sheashy  observed  this’ 
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At  temperatures  around  275°C  we  also  observed  the  growth  of  thick,  glassy  oxide  layers.  Did  Dr  Sheasby 
observe  this? 

We  concluded  that  the  transition  from  "parabolic”  to  linear  kinetics  was  caused  by  breakdown  of  the  protective 
oxide  film  due  to  growth  of  the  new  phase  at  the  interface. 


J. S. Sheasby 

No.  I  have  seen  only  niobium,  the  oxide  of  the  irtorference  colour  film  and  ni  bium  pentoxlde  when  oxidizing 
below  440°C. 

No.  I  have  not  oxidized  specimens  at  275°C,  but  as  a  general  observation,  the  outermost  oxide  surface  is 
more  shiny  than  the  surface  of  inner  layers. 

That  is  a  fair  description  of  the  transition  to  linear  kinetics  when  oxidizing  below  about  450°C,  though 
there  is  controversy  as  to  whether  it  is  a  new  phase  that  is  nucleating. 

H.C. Graham 

In  reference  to  the  slide  showing  the  oxide-metal  interface  where  there  were  areas  which  shftwed  a  thick  oxide 
and  areas  which  did  not  have  an  oxide  layer: 

What  is  tiie  proposed  reason  for  this  difference? 

Is  it  stress  enhanced  oxide  growth  or  if  the  difference  due  to  difference  in  metal  grain  orientation? 


J.S.  Sheasby 

This  phenomena  is  definitely  related  to  the  metal  grain  orientation.  Though  what  exactly  is  happening  and 
why  it  should  be  so  marked  is  not  known.  This  is  the  subject  of  a  continuing  study. 

P. Hancock 

I  should  like  to  ask  Dr  Sheasby  how  he  is  sure  that  all  the  cracks  he  observes  at  temperature  were  present 
at  temperature  and  did  not  occur  during  cooling.  In  particular,  Figure  7(b)  appears  that  it  could  have  formed 
during  cooling. 


J.S. Sheasby 

At  the  higher  oxidation  temperatures  it  is  quite  easy  to  distinguish  between  cracks  that  formed  on  cooling 
and  cracks  that  formed  during  oxide  growth,  for  the  latter  can  be  followed  bv  oxidizing  specimens  for  increasing 
periods  of  time.  At  lower  oxidation  temperatures  this  is  much  more  difficult,  but  fortunately  in  the  arguments 
presented  for  below  G0GcC,  it  is  not  necessary  to  know  the  exact  pore  structure.  However,  in  fact  at  least  part 
of  the  corner  crack  shown  in  Figure  7(b)  was  present  at  temperature. 


R.  A.  Rapp 

In  reply  to  Dr  Hancock’s  question  concerning  Figure  7(b),  it  seems  reasonable  that  the  lack  of  accelerated 
reaction  at  the  corner  (where  because  of  geometric  contraints  an  accelerated  reaction  at  the  corner  always 
accompanies  "proiectlve”  oxidation  on  the  flat  surfaces)  Indicates  that  the  scale  of  Figure  7(h)  is  not  ut  all 
protective,  and  the  presence  of  any  visible  crack  In  this  scale  is  not  of  importance. 

The  work  of  Roberson  and  Rapp  (Trans.  Met.  Soc.  AIME,  2.19  1327  (1367))  Involving  the  oxidation  of  Nh  in  a 
CUjO  vapor  shows  that  Cu  is  deposited  at  tho  reduction  sites,  and  theso  sites  are  present  (after  fractures  at 
temperature)  throughout  the  oxide  scale.  Therefore,  these  Nh  0^  scales  do,  Indeed  fracture  at  the  elevated 
temperature. 


J.S.  Sheasby 

Thank  you  for  your  support;  though  I  must  point  out  that  your  work  was  perforat'd  at  a  teaperat.ure  where  the 
IT  to  H-Nb;0s  transition  is  very  rapid  and  should,  therefore,  be  extrapolated  with  caution  to  the  "sent  work 
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H.J.Grabke 

It's  extraordinary  that  the  lower  oxides  do  not  appear  in  the  oxidation  of  Nb  to  Nb205 .  In  that  connection 
it  is  very  interesting  to  know  if  the  Nb  under  the  growing  Nb?05  is  saturated  or  oversaturated  concerning 
dissolved  oxygen? 


J.S.Sheasby 

The  metal  at  the  oxide-gas  interface  is  super- saturated  with  oxygen. 


Discussion  on  the  Paper 

THE  OXIDATION  OF  NI  -  BASE  SlIPERALLOYS  UNDER 
AIRCRAFT  ENGINE  CONDITIONS 
(Paper  12) 
presented  by 
C.S  Wukusiek,  USA 


A.Davin 

Concerning  the  influence  of  additional  elements  on  the  oxidation  and  hot  corrosion  resistance  of  super  alloys, 
at  CNRM  we  have  performed  tests  on  Co-Cr  alloys  in  air,  H_S/H?  mixture  and  in  combustion  gas  atmospheres 
produced  by  combustion  of  fuel  polluted  with  S  and  NaCl*.  Among  a  lot  of  addition  elements,  we  have 
observed  that  Aluminium  and  Yttrium  improved  greatly  the  sulfidation  resistance  of  the  basic  Co-Cr  alloys. 
Addition  of  Tantulum  improver.  the  oxidation  resistance,  while  in  combustion  gaseB  in  addition  to  Cr  ,  alloying 
elements  such  as  Ta  ,  A1  and  Y.  were  beneficial.  With  regard  to  the  influence  of  these  elements  on  'he 
morphology  of  the  scale,  in  sulf  idation  tests  we  have  observed  that  elements  such  as  W .  Nb .  A1  formed  a  sulfide 
layer  adjacent  to  the  metal  while  Cr  formed  an  intermediate  layer  and  Co  was  rejected  in  the  outer  layer  as 
shown  in  the  two  figures  (Figure  1  and  2).  While  in  the  case  of  additional  elements  such  as  Nl  and  Fe  .  these 
elements  were  rejected  with  cobalt  in  the  outer  layer. 


Fig.  1  .  Optical  micrograph  of  sul¬ 
phide  wale  formed  on  the  Co-IOCr- 
I JW  alloy  exp»»cd  for  5  hours  at  *00  C 
in  a  hydrogen  sulphide  atmosphere. 


Fig.!.  Variation  of  the  Co.  Cr,  W  and 
S  content*  across  the  scale  formed  on  the 
Co-IOCr-l5W  alloy  exposed  for  5  hours  at 
800  C  in  a  hydrogen  sulphide  atmosphere. 


T  8.*ikiMlek 

No  reply  necessary 


Oavlc.  A..  Cuutiourwd  In .  0  and  Habraken.  L.  Cntall  Nn  IS.  dune  >MV.  pp.  89-71. 
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recent,  work  by  Giggons  and  Pettit  which  will  appear  soon  in  Trans.  Met.  Soc.  AIME  has  cleared  up  the  effect 
of  e  irface  abrasion  on  the  kinetics  of  oxidation  of  Ni-Cr  alloys  of  intermediate  compositions.  I  have 
summarized  these  results  in  my  paper. 


C.  S.  Nukus  ick 

Giggons  and  Pettit  relate  the  surface  effects  to  recrystallization  of  the  surface  layers  upon  heating  to  the 
test  temperature.  However,  in  the  more  complex  Ni-CrAl  alloys  such  as  U-700  recrystallization  is  retarded  by 
the  gamma-prime  precipitate  and  thus  does  not  occur  below  2000°P  during  initial  oxidation.  Therefore,  some 
contribution  of  the  deformation  to  increased  diffusion  rates  in  the  1600-2000°P  temperature  range  is  possible. 
This  effectively  lowers  the  temperature  at  which  selected  oxidation  of  A1  to  form  an  Al-rich  surface  oxide 
occurs.  Also  partial  solution  of  the  (Ni 3A1 )  pi  ase  occurs,  thus  releasing  A1  for  surface  reaction.  Again, 
Increased  diffusion  rates  may  contribute  to  lnci eased  availability  of  A1  for  surface  reactions. 


Oiscussion  on  the  Paper 

REACTIONS  BETWEEN  HIGH  -  TEMPERATURE- RESISTANT  ALLOYS  AND  GASES 

(Paper  131 

presented  by 

H. Pfeiffer,  Western  Germany 


P. Hancock 

I  would  like  to  asl:  for  clarification  concerning  green-rot  attack.  This  type  of  corrosion  usually  occurs 
as  Dr  Pfeiffer  says  in  atmospheres  which  alternate  between  carburising  and  oxidising.  However  I  think  it  is 
usually  accepted  that  the  mechanism  of  corrosion  is  by  internal  carburisation  removing  chromium  as  chromium 
carbides  which  allows  the  chromium-denuded  material  to  be  subsequent  ,y  oxidised.  However  in  the  paper  Dr  Pfeiffer 
refers  to  a  mechanism  whereby  the  chromium  is  first  removed  by  internal  oxidation.  I  would  like  to  ask  if  he 
has  any  experience  of  green-rot  having  been  produced  under  systems  other  than  those  containing  combustion 
products  where  there  is  a  distinct  likelihood  of  localized  reducing  conditions  applying  periodically’ 


H.  Pfeiffer 

May  be  that  internal  carburisation  promotes  the  green-rot  attack  but  I  think  it  ir  not  a  necessary  condition. 
For  instance  this  kind  of  corrosion  has  been  observed  by  Spooner,  Thomas  and  Thomassen’  at  NiCr- thermocouples 
with  10  wt%  Cr  and  NiCr-alloys  with  20  wt%  Cr  heated  in  narrow  tubes  containing  air  as  annealing  atmosphere. 
Another  exampre  of  green-rot  attack  without  the  influence  of  carbon  is  the  observation  of  this  reaction  in 
metal  sheathed  tubular  elements*.  In  both  cases  no  carbon  was  available. 

I  think  green-rot  attack  is  to  be  expected,  whenever  tue  corrosion  reaction  is  started  pl.  an  internal  reaction 
on  the  grain  boundaries,  independently  whether  it  is  initiated  by  carburisation  or  not.  Je .oral  conditions  have 
to  be  assumed  to  give  rise  to  this  kind  of  attack,  the  one  of  them  is  an  oxvgen  pressure  of  the  annealing 
atmosphere  betw"er<  the  dissociation  pressures  of  Cr?C1  and  NtO. 


N.M.  Davis 

Does  the  'green-rot"  arise  only  during  exposure  to  dry  oxygen,  or  will  it  develop  in  a  moist  atmosphere’ 
In  other  wards,  will  it  develop  in  an  atmosphere  of  H./H^O  in  which  the  oxidizing  potential  is  too  low  !o 
promote  the  oxidation  of  other  elements  in  the  alloy  (Ni.Fe)’ 


M. Pfeiffer 

The  main  condition  to  get  green-rot  attack  is  a  very  low  oxygen  pressure,  iow  enough  to  prevent  !  he  initial  toll 
of  other  element*  than  chromium  in  NiCr(Fe) -al vs.  If  this  condition  is  fulfilled,  mot:  lure  seems  to  have  only 
a  little  effect.  Copaor.  and  Lang*  observed  gerr-rot  attack  annrallng  nickrl  -chromium  alloys  both  m  dry  arid 
wet  carbon  monoxide.  The  difference  In  the  bch  viour  was  only  small.  But  it  has  to  he  noted  too  that  tests 
in  wet  hydrogen  were  jnsuccrasfud .  deaonstrat Inx  >*ie  low  oxygen  pressure  to  be  only  one  of  the  conditions  to 
get  green -rot 


*  Spooner  Xf.  .  TYjornns.  ■.'*  i.,.'.  -vsseti,  1.  Trass.  W  l*iv  Vol.  197,  I9S3.  p.Ht. 

*  Pfeiffer.  H.  ferksloffe  Mu  korroslon.  Vol.  12  I9AI,  p.S$9. 

*  Copwoe.  H.k.  and  Long.  P  S  Corroalim  (Houaloel  Vol. IS.  19S9.  e  194. 
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Discussion  on  the  Paper 

MECHANICAL  PROPERTIES  CE  SURFACE  OXIDE  FILMS  AND  THEIR 
EFFECT  ON  THE  KINETICS  OF  OXIDE  GROWTH 
(Paper  15) 

presented  by 
P. Hancock,  UK 


J . S.  Sheasby 

I  would  like  to  point  out  that  the  mechanical  pnperties  of  the  oxide  are  not  always  the  most  important  in 
affecting  the  oxidation  rate.  C.Roy  has  recently  shown  that  the  parabolic  linear  oxidation  kinetics  of  zirconium 
coincide  with  the  beg'nning  of  creep  in  the  metal  -  not  the  oxide. 


P.  Hancock 

I  agree  with  Dr  Sheasby  that  the  mechanical  properties  of  the  oxide  are  not  always  the  most  important  factor 
affecting  the  oxidation  rate.  For  instance  results  with  nickel,  on  the  particular  specimen  geometry  chosen, 
show  that  the  mechanical  properties  of  the  oxide  are  such  that  continuous  scale  growth  and  adhesion  are  possible 
and  therefore  the  oxidation  rate  is  determined  by  other  factors,  in  this  case  probably  ion  diffusion  through 
the  scale.  However,  with  materials  such  as  iron  the  mechanical  properties  ar"  a  very  important  factor  in 
determining  the  oxidation  rate  and  cannot  be  neglected. 

*-» 


Discussion  on  the  Paper 

REACTION  BETWEEN  SOLIDS  AND  GASES  IN  RADIATION  FIELDS 
(Paper  16) 
presented  by 
J.M  Hutcheon,  UK 


J. Clark 

Have  any  studies  been  made  of  the  effect  of  the  radiation  on  the  flow  characteristics  (viscous  losses)  of 
gaseous  coolants  through  a  reactor0 


J.M.Hutcheon 

I  am  not  aware  of  any  experiments  atcim  me  lines  you  indicate. 


D.E. Rosier 

Your  in'tia)  argument  concerning  the  insensitivity  of  radiolytic  corrosion  rate  to  (internal)  surface  area 
is  apparently  based  on  the  heterogeneous  deactivation  probability  per  strike  being  unity.  However,  if  the 
active  species  are  0-atoms,  and  their  average  gas  phase  "range"  (homogeneous  recombinat  i>m  length)  is  indeed 
much  larger  than  the  prevailing  pore  dimensions,  most  0-a'oas  should  have  multiple  opportunities  to  gasify 
graphite  at  the  quoted  temperatures,  .'.vailahle  kinetic  measurements  ol  the  C-atom  removal  probability  when 
0-atoms  strike  graphite  (cf.  e.g.  Runner,  D.E.  and  AUendorf.  H.D.  ,  Carbon,  Vol.7,  pp.  '>15-518.  1969)  and  recent 
measurements  of  the  om  of  the  oxidation  and  recombinat ton  probabilities  (JR  Rcrkowitz  Mattuck.  work  in  progress) 
would  indicate  apr'eciabie  reflection  (or  “restitution")  of  0-atoms  especially  at  •  emperatures  below  BOOK, 
where  perhaps  9  out  of  10  Int ldent  atoms  would  return  to  the  gas  phase,  and  thereby,  have  another  opportunity 
to  strike  the  graphite  surface.  Upon  second  thought,  however,  to  guarantee  the  reported  insensitivity  to 
(internal)  surface  area,  isn’t  it  merely  sufficient  tha  almost  every  0-atom  formed  by  radiolysis  be  uftiaarefv 
consumed  as  a  resu.t  of  a  «•«//  Interaction  (rather  than  requiring  cm  i  suet,  encounter  to  be  successful)’  Thus, 
m  the  hail  of  nr*l  ifiltr  ,  Sunc  ,/nen,  king,  at  id*  formed  radlolvtleal  ly  will  tin  tne  average  havr  the  same 
number  of  opportunities  to  stilkr  ■  vtemal  graphite  surfaces,  regardless  "f  the  magnitude  of  the  external  surfao- 
area  per  gram  of  material. 

Regarding  ’.he  increaaed  dependence  of  the  /it  -mica  alloy  oxidation  rate  on  etfeetlve  oxygen  pressure  in  ine 
prescn"e  of  reactor  radiation,  it  is  perhaps  of  in»- rest  to  note  that  in  a  gaseous  oxidizing  environment.  !t 
radiation  aer-ly  produced  atomic  oxygen  in  the  gas  phase.  r.n  increased  oxygen  pressure  dependence  would  also  be 
expected.  D  lens,  MeckinghottiE  and  Llnnclt  (Trans  Farads-  Sot  .  ea  1969)  have  recently  reported  a  number  of 
casea  for  which  dissociation  increases  the  oxygen  pressure  ri- ;  rujen  e  ■  ■  f  the  parabolic  rate  constant  for  p  type 
scale  forming  materials 
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J.M.Hutcheen 

I  am  grateful  to  Professor  Rosner  for  directing  ray  attention  to  these  recent  measurements.  The  hypothesis 
of  unit  heterogeneous  deactivation  probability  per  strike  is  obviously  too  simple.  The  essential  feature  is 
that  the  rate  of  reaction  is  determined  by  the  rate  of  supply  of  active  species,  and  not  by  the  area  available 
for  the  active  species  to  strike. 


Discussion  on  the  Paper 

LOW -TEMPERATURE  REACTIONS  BETWEEN  SOLIDS  AND  GASES 
(Paper  18) 

presented  by 
K.Hauffe,  Germany 


J. Clark 

Have  any  attempts  been  made  to  vary  the  ion  transport  rate  through  the  semiconductor  crystal  lattice  by  the 
application  of  external  electric  fields  or  by  reverse  or  forward  electric  biasing’’ 


K.Hauffe 

We  have  performed  oxidation  experiments  by  means  of  an  electrochemical  cell  technique  for  the  brumination  of 
silver  at  400°C  in  the  following  set-up 

Pt  | Ag |AgBr (Pt (Br ,)  (I) 

and  for  the  oxidation  of  zirconium  at  800°C  in  oxygen  in  the  following  set-up 

Ag|Zr|zrOjAg(0?)  (II) 

It  could  be  demonstrated  that  by  a  short-circuit  of  the  cell  (I),  the  rate  of  bromination  could  be  strongly 
Increased.  The  same  phenomenon  could  be  detected  for  the  oxidation  of  zirconium  and  also  theoretically 
predicted,  since  in  both  cases  electrons  flowing  very  slowly  through  the  layer  of  the  reaction  product  (AgBr, 
ZrOj),  could  be  transported  very  fast  via  an  external  short-circuit  wire  to  the  reaction  front  AgBr/Pt(Br?)  or 
ZrOj/AgfOj)  .  A  low-voltage  dc  device  with  the  negative  pole  to  silver  or  zirconium  causes  a  decrease  in  the 
rate  of  corrosion  (see  Ertksen  J.  and  Hauffe.  K. .  Z.  phys.  Chem.  (N.F. ),  1968). 


R.  Rapp 

Because  of  the  bipolar  nature  of  the  (001)  face  of  ZnO  relative  to  the  (001)  face,  which  of  the  photoelectric 
and  other  effects  which  you  have  studied  behave  differently  on  the  differing  basal  planes  of  ZnO? 


K.Hauffe 

The  sensitized  photocurrent  is  indeed  smslier  if  the  (0001)  face  of  the  zinc  oxide  crystal  is  contacting  the 
electrolyte.  Both  the  non-aenaitized  photo-current  and  the  dark -current,  however,  are  equal  for  the  two  faces. 


Diacuaalom  on  the  Paper 

RESILTATS  EXPERIMENTAL*  RECENTS  SUR  LA  COMBUSTION  DE 
L' ALUMINIUM  ET  D*  AITRES  NETAUX 
(Paper  20) 

by  M.BarrArc.  Prance 
(presented  by  J. P. Lleberherr.  France) 


Several  caveats  are  appropria  <•  to  the  discussion  of  the  combustion  of  aluainiur  particles,  in  particular 
as  retards  the  obaervat'oa  of  an  oxide  cap  on  the  petal  particle  and  the  appearance  of  hollow  oxide  aphorea  in 
the  copbustlon  products. 

The  pechaniap  of  formation  of  the  hollow  oxide  sphere's  haa  been  explained*  aa  resulting  from  tbo  dissolved 
gaaea  is  the  petal.  It  waa  succesled  that  the  hollow  oxide  spheres  wire  bubbles  which  were  blown  fros  the 
oxide  cap  which  forwm  on  the  petal  particle. 


*  BnwteaaRI.  T. A.  T.miiI.s  cm  the  Neper  TWl teat tag  Alwaialeo  Pari  let*  Coahemtlua  llnrtire’  hr  Rartlrtt  et  el.”.  CoV. 
end  flame  Vol  t.  IK4.  gp.m-342. 


The  recent  work  of  Prentice*  shows  significant  results  regarding  the  above  comments.  The  accumulation  of 
oxide  on  the  metal  particle  is  now  referred  to  as  a  "fumarole"  rather  than  a  ‘lens -shaped  cap".  Numerous 
bubbles  are  observed  in  the  oxide  cap.  In  addition,  Prentice  demonstrates  that  the  formation  of  the  oxide 
deposit  is  dependent  on  the  presence  of  nitrogen  (other  gases  may  also  cause  similar  results)  in  the  ambient 
atmosphere.  The  phenomena  associated  with  the  presence  of  the  oxide,  namely  spinning,  shedding  of  oxide 
spheres,  and  fragmentation  can  be  eliminated  by  burning  aluminium  particles  in  high  purity  oxygen-argon  mixtures. 


J.F.  Lleberherr 

Nous  avons  note'  qu‘  on  peut  observer  des  partlcules  d’  alumine  massive  ainsi  que  des  spheres  creuses.  Le  fait 
que  1‘ alumine  soit  solide  a  la  temperature  de  surface  de  la  goutte  d’ aluminium  permct  assez  mal  d’ imaginer  que 
les  spheres  creuses  sont  obtenues  de  faqon  similaire  a  des  bulles  de  savon.  Leur  apparence  au  microscope 
electronlque  indique  de  plus  une  structure  vraisemblablement  poreuse.  Cn  peut  done  imaginer  )’ explication 
suivante  pour  la  formation  de  spheres  plelnes  et  creuses  d‘  alumine,  en  se  fondant  sur  le  mecanisme  de  formation 
dt.:  deux  lobes  de  Prentice: 

oxydation 
,  de  surface 

goutte  de  metal  - ►  goutte  couverte 

d‘  oxyde 


sphere  pleine 


En  ce  qui  concerne  la  calotte  d’ alumine,  je  vois  mal  ce  que  1’ on  designe  par  “fumarole”.  D’ apres  les  photo¬ 
graphies  de  Prentice  on  voit  des  calottes  qui  ont  grandi  par  vagues  successives  et  ont  une  structure  irreguliere 
la  ou  la  croissance  a  commence'.  Prentice  a  etabli  le  role  different  joue  par  1’ azote  et  1’ argon  dans  le 
processus  de  combustion  mais  In  difference  re'side  a  non  avis  dans  le  fait  que  1’ argon  est  recllement  un  diluant 
alors  que  1’ azote  est  reactif.  La  formation  des  calottes  est  liee  au  rapport  combustible/comburant  a  la  surface 
de  la  goutte.  Un  film  tourne  a  l'CNERA*  raontre  que  pour  des  melanges  de  perchlorate  d' ammonium  (PA)  et 
d' aluminium  la  formation  de  la  calotte  est  lie'e  au  pourcentage  de  PA.  S’ il  d^croft  la  formation  de  la  calotte 
est  favorise'e.  La  figure  9  du  texte  et  les  conclusions  de  ses  auteurs  (Reference  11  du  texte)  conduisent  aux 
rnfimes  conclusions.  Ceci  peut  etre  interprets  par  la  coexistence  des  me'eanismes  en  phase  gazeuse  et  de  surface. 
Le  mfcar.i.sme  de  surface  don  ine  aux  fortes  concentrations  en  oxygene,  ce  qui  Avitd  1’ accumulation  de  1’ oxyde 
puisque  la  goutte  est  tres  ohaude,  tandis  que  s' il  y  a  peu  d’ oxygene  disponlble  les  mecanismes  en  phase  gazeuse 
duminent  et  il  peut  y  avoir  formation  de  calottes. 

Si  maintenant  nous  comparons  1’ oxygene  dilue  dans  1‘ azote  a  celui  dilue  dans  1' argon,  le  melange  doit 
traverser  la  zone  de  flamme  avant  d'atleindre  It  surface  et  dans  le  premier  cas  il  peut  s' appauvrir  en  oxygene 
par  la  formation  de  divers  oxydes  d' azote  dans  In  flamme  tres  chaude.  Le  rapport  combustible/! omburant  sera 
ainsi  plus  fatble  dsns  le  premier  cas  que  dans  la  deuxieme,  d’ou  foimation  de  calottes, 


*  Prentice.  Jack  L,  "Cumbustton  of  Pulse-Mealed  Single  Part  trios  of  Aluminium  and  Beryllium".  Preprint  69-2  1969  Spring 
Meeting,  lest  rrn  States  Sect  ion  of  the  Combustion  institute,  Chin*  Lake,  California. 


* 


tour  1  awes 


Combustion  de  melanges  de  perchlorate  d'ammontup  et  d’a. minium.  Film  ONERA. 
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Discussion  on  the  Paper 

COMBUSTION  OF  SOLID  PARTICLES  IN  A  TURBULENT  STREAM 
WITH  RECI“CULATION 
(Paper  21) 

presented  by 

M.M  Gibson  and  B.B. Morgan.  UK 


S.  S.  Penner 

It  Is  somewhat  surprising  that  a  highly  simplified  radiant  heat-transfer  model  may  be  used  successfully  iri 
a  system  in  which  the  effect  of  radiation  is  of  first-order  importance.  Unless  the  diffusion  limit  obtains, 
one  would  expect  that  radiant  heat  transfer  in  a  direction  normal  to  the  axis  is  leas  important  than  transfer 
in  the  axial  direction.  Of  course,  a  proper  calculation  must  Involve  an  appropriate  average  over  the  complete 
field  of  view  at  each  location. 


B.  if  Morgan 

In  evaluating  radiant  transfer  we  integrate  intensity  over  all  solid  angles,  easing  the  integration  by 
assumptions  of  (i)  axial  symmetry;  (ii)  uniform  axial  intensity  at  constant  radius;  and  (iii)  isotropic  values 
in  directions  of  positive- and  negative  radius  vector.  I  readily  accept  (witness  the  concluding  section  of  the 
paper)  that  assumption  (ii)  contributes  to  the  errors  in  our  predictions;  its  result  is  to  exaggerate  tempera¬ 
ture  variations  along  the  chamber. 

But  the  most  important  eilect  of  radiation  is  to  transfer  heat  from  the  flame  to  the  cooled  wall,  as  much  as 
50%  of  the  energy  released  by  combustion  is  lost  in  this  way.  Remembering  that  the  chamber  has  a  radius  only 
one-eleventh  of  its  length.  I  am  of  the  opinion  that  it  is  the  radial  flux  that  is  the  more  important  and  that 
assumption  (ii)  is  acceptable  in  the  context  of  our  calculation.  This  is  not  to  say  that  one  should  rest 
content  with  it. 


Discussion  on  Paper 

PHENOMENES  DE  FUSION  ET  REACTIONS  DE  SURFACE  DANS  LA 
COMBUSTION  DES  L1THERG0LS 
(Paper  23) 
presented  by 
J. F. Liebcrherr,  France 


L. A. Povinel ii 

The  downstream  rippling  pattern  you  showed  of  the  rolythylene  recalls  to  mind  the  similar  patlerns  observed 
at  the  Naval  Weapons  Center  some  years  ago  when  combustion  instability  studies  were  made  with  composite  solid 
propellants.  Ts  it  possible  that  oscillatory  burning  was  occurring  during  your  tests?  Were  high  frequency 
transducers  used  to  detect  pressure  oscillations  that  might  occur  at  the  acoustic  frequencies  of  the  chamber'5 


J.F.Lieberherr 

Les  vagues  observe'es  a  la  surface  du  polyethylene  me  semblent/surtout  causees  par  les  conditions  de  1’  ecoule- 
ment  liquide  qui,  bien  qu’ etant  d' une  epaisseur  tres  faible,  pout  etre  le  siege  d’ instability  de  surface  dont 
on  observe  l’effet  cumulatif  dans  le  temps.  Nous  n’ avons  pas  observe  d' oscillations  de  pression  pendant  la 
combustion.  Les  capteurs  de  pression  que  nou  avons  utilise  sont  du  type  capacitif  et  les  ;  '.us  hautes  frequences 
detectables  sont  de  1’ ordre  de  20  kHz.  Cependant  en  admettant  une  vitesse  du  son  de  1’ nrdre  do  lOOOm/s  et  une 
longueur  d’ onde  de  5  cm  (mesuree  sur  la  surface  du  polyethylene)  nous  pouvons  calculer  une  frequence  de  20  kHz 
correspondent  a  la  limite  superieure  ci-dessus.  Nous  pensons  qu’il  n’y  a  pas  eu  d’ oscillations  de  p-ession  mais 
le  fait  que  la  frequence  caleule'e  sort  a  la  limite  des  possibility  du  capteur  nous  oblige  a  ne  pas  rejetcr  cette 
possibility. 


F.  Jaarsma 

I  would  like  to  congratulate  Mr  Lieberherr  on  his  paper  presenting  a  new  approach  to  the  regression  rate 
problem.  I  have  one  comment  and  two  questions.  The  comment  concerns  the  introduction  where  you  indicated  that 
the  observed  regression  rates  in  practical  systems  are  poorly  predicted  by  a  heat  transfer  mechanism  only. 
However,  at  Nl.R,  we  have  been  quite  successful  in  predicting  the  regression  along  the  fuel  block  based  on  heat 
transfer.  The  system  used  in  decomposed  H?0j  (99%)  plus  an  organic  fuel  (polyethylene  or  PMMA)  yielding 
regression  rates  up  to  4  mm/sec.  We  make  use  of  heat,  transfer  measurements  with  water  that  have  been  performed 
elsewhere  (Krall  and  Sparrow,  Journal  of  Mass  and  Heat  Transfer,  February  1966)  for  similar  geometries  and 
Reynolds  numbers.  Using  a  single  perforated  diaphragm  up  stream  of  the  fuel  block,  the  heat  transfer  at  the 
surface  can  Increase  up  to  nine  times  with  respect  to  that  for  fully  turbulent  boundary  layers.  Doing  this  we 


p. 
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predict  af  ~  (pv)0i  •  Hoxl/4  •  d'2/3  where  d  is  the  diameter  of  the  diaphragm  hole.  This  equation  has  been 
checked  for  many  sizes  (30mm  to  150mm  diameter  fuel  blocks),  pressures  (20ato  to  60 atm),  oxidizer  flow  rates 
and  port  sizes.  The  thiust  levels  involved  range  from  13kgf  to  225 kgf.  Wlso  surface  roughness  has  been  found 
and  the  correct  increase  in  friction  coefficient  has  to  be  taken  into  account.  However,  at  large  diameters  of 
the  bore  in  the  fuel  block  and  high  pressures,  a  higher  regression  is  measured  than  predicted.  We  have  a  strong 
Indication  that  this  is  due  to  radiation  heat  transfer  from  the  hot  ga3es. 


The  first  question  I  would  like  to  ask  is  that  you  assumed  no  surface  blowing  effect  on  the  friction 


coefficient,  whereas  it  is  generally  assumed  that  this  coefficient  is  decreased  by  a  factor 


log 


(1  +  B) 

B 


Does  it  really  have  no  influence?  The  second  question  concerns  the  probable  influence  on  regression  of  rotation, 
either  on  axis  or  out-off  axis,  of  easily  melting  fuels.  Such  conditions  might  be  encountered  in  sounding 
rockets.  Tests  at  NLR  have  indicated  that  in  our  system  no  influence  of  rotation  exists,  though  rough  estimates 
show  some  influence,  especially  ii  a  liquid  layer  is  present. 


J.F.  Lieberherr 

J' ai  exprime  dans  cette  communication  1* idee  que  les  theories  fondees  sur  le  transfert  de  chalcur  prevoient 
mal  la  vitesse  de  regression  dans  ies  systemes  hybrides  qui  ont  un  combustible  solide  a  haute  vitesse  de 
regression,  mais  que  pour  des  vltesses  de  regression  de  l'ordre  de  quelques  dixiemes  de  millimetres  par  seconde 
les  theories  de  transfert  de  chaleur  ont  e'te  applicables,  encore  qu’  il  ait  souvent  fallu  introduire  des  effets 
chimiques.  La  regression  derriere  un  diaphragme,  citee  par  le  Dr  Jaarsma,  represente  un  cas  tres  particulier. 

L' hypothese  implicite  que  1’ injection  parietale  n' a  pas  d’ effets  sur  les  coefficients  de  transfert  en  phase 
gazeuse  est  unt  simplification  faite  afin  de  determiner  une  expression  explicite  de  la  vitesse  de  regression. 

Le  resultat  est  done  approximate  mais  nos  connaissances  limitees  en  ce  qui  conceme  la  conductivity  thermique, 
le  chaleur  specif ique  et  la  viscosite  de  la  phase  liquide  issue  d’ un  polymere  ou  d’ un  hydrure  metallique  ne 
justifiaienr  pas  un  calcul  complet.  Nous  avons  voulu  montrer  que  les  fortes  vitesses  de  regression  observees 
dans  certains  cas  doivent  etre  attributes  a  une  fusion,  ce  qui  est  continue  par  1' observation  visuelle  dans 
des  moteurs  re'els,  et  que  l’exposant  de  0,5  du  debit  massique  unitaire  peut  egalement  etre  expliqut  par  la 
fusion. 

Bien  que  nous  n’ ayions  pas  effectud  A  l’ONERA  d1  etudes  exhaustives  sur  la  rotation  d’ un  moteur  hybride,  il 
est  possible  de  repondre  a  la  seconde  question.  Je  pense  que  la  rotation  du  moteur  peut  avoir  un  effet  sur  la 
vitesse  de  fusion  si  l’epaisseur  de  la  couche  liquide  est  impoitante.  La  rotation  tendrait  alors  a  uniformiser 
l'e'paisseur  de  liquide,  done  a  expulser  une  fraction  appreciable  de  combustible  iondu  par  1’  arriere.  Cependant 
1’ observation  visuelle  et  le  calcul  montrent  que  1’ dpaisseur  de  liquide  est  faible  et  il  ne  faui.  pas  s’ attendre 
a  ce  phenomdne,  sauf  dans  des  cas  limites. 

Un  autre  effet  possible  de  la  rotation  est  de  modifier  la  convection  libre  mais  les  effets  de  cette  convection 
libre  sont  suff isamment  faibles  pour  renter  en  dessous  de  ceux  de  la  convection  forc.ee.  En  effet  si  nous  con- 
siderons  un  element  de  gaz,  il  sera  soumis  a  la  difference  de  pression  axiale  cans  le  moteur  snfre  la  partie 
amont  et  la  partie  aval.  Nous  supposerons  cette  difference  de  pression  e'gale  A  la  pression  dynamique 
Apt  -  pV~/ 2  .  Cet  e'le'ment  sera  egalemenl  soumis  4  une  pression  radiale  engendree  par  la  rotation  du  moteur 

Ap?  -  gApd  . 

Les  effets  de  convection  libre  serent  negligcable  si: 

L  -  Apj/Ap,  -  CgApd)/ (pV?/2)  «  1  . 

Notons  que  si  1’on  tient  compte  de  la  viscositd  il  faut  conside'rer: 

Gr  =  L  •  (Re)?/2  , 

mais  comme  ici  le  nombre  de  Reynolds  est  tres  grand,  nous  ne'gligerons  l’offet  de  la  viscosite. 

Four  evaluer  numeriquement  L  nous  utlliserons  les  resultats  de  la  reference*  qui  donnent:  g  =  4. 101"  cm/s2 , 
A  P  r  p  -  2,5  10* 3  g/cm3  ,  d  r  3cm  ,  V  -  6500cm/s  et  p\  -■  16g/cir/-s.  Il  en  results  L  =  5,8  10*3  .  Les  effets 
de  convection  libre  seront  done  bien  faibles  que  les  effets  de  convection  forces,  meme  en  tenant  compte  de  ce 
que  les  distances  a  parcourir  radialement  seront  plus  faibles  que  les  distances  uxiales. 


•  Groothoff,  C.C.  Thr  Influence  of  Rotation  on  the  Burning  Rate  of  a  snail  Hybrid  Rorket  Motor.  Symposium  DOW  -  Propulsion 
Spatlale  II,  Hannover,  22  May  1969. 
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Discussion  on  the  Paper 
SURFACE  REACTIONS  If.  SOLID  PROPELLANTS 
(Paper  24) 

presented  by 
H.Selzer,  Germany 


R. Me A levy  III 

I  congratulate  the  author  on  his  fine  paper. 

There  is  some  information  on  the  effect  of  irradiation  on  the  burning  rate  of  AP  particles  in  a  gaseous  fuel 
environment  in  my  paper  in  Vol  15,  Heterogenous  Combust  ion.  It  was  found  that  the  burning  rate  was  increased 

by  30%  or  so.  However,  irradiation  exposure  decreased  the  burning  rate  of  polymer  particles  in  an  oxygen  environ¬ 
ment  by  about  half  this  amount.  In  both  cases  the  dose  was  about  10  Mrads. 

When  actual  AP  propellants  were  irradiated  there  was  a  burning  rate  increase  of  about  10%,  but  it  was  sensitive 

to  the  nature  of  the  binder.  This  was  reported  in  a  Technical  Note  ii.  the  AIAAJ  by  Henly,  Odien  and  myself 
published  in  1965  I  think. 


H.Selzer 

I  thank  Prof.HcAlevy  very  much  for  his  contribution  though  there  are  some  other  investigators  denying  the 
influence  of  irradiation  on  the  burning  rate.  If  one  thinks  of  the  time  necessary  to  produce  a  nropellant  and 
considers  the  annealing  effects  then  the  contradictory  results  are  plausible.  But  as  the  burning  rate  was 
influenced  in  some  cases,  the  lattice  defects  must  be  considered  in  connection  with  the  combustion. 


G.  S.  Pearson 

I  should  like  to  ask  whether  the  evidence  for  the  post  quenching  reaction  as  shown  in  Figures  3  and  4  may  be 
interpreted  differently.  The  burning  surface  of  an  ammonium  perchlorate  propellant  is  not  planar  but  three- 
dimensional  and  it  would  seem  reasonable  to  expect  that  regions  of  the  propellant  with  small  AP  particles  would 
burn  faster  than  areas  with  large  particles.  Thus  a  quenched  surface  would  be  expected  to  show  very  few  small 
particles  and  more  large  particles  than  the  initial  cut  suiface. 


H.Selzer 

This  is  true  and  we  have  considered  how  to  avoid  this  effect.  As  reported  in  the  paper  we  extinguished  the 
propellants  by  different  means.  There  was  no  time  to  measure  the  particle  size  distribution  in  all  cases,  but 
these  measurements  are  underway  and  will  separate  the  various  influences. 


J.F.Lieberherr 

Dr  Selzer’ s  approach  to  the  surface  mechanisms  of  AP  combustion  is  a  most  promising  one,  in  view  of  the  little 
success  obtained  up  to  now  in  explaining  the  various  characteristics  of  the  AP  burning  mechanism  of  AP  and  com¬ 
posite  propellants  in  general.  It  however  does  not  seem  to  be  justified  to  exclude  melting  phenomena  from  the 
discussion.  The  excellent  photographs  shown  here  indicate  a  glassy  amorphous  surface  (Fig. 5),  similar  to  that 
of  a  resolilied  melt.  Experiments  by  Hightower  and  Price*  also  show  melting  on  the  surface  at  all  pressures 
studied.  Visual  observation  of  burning  AP  (alone  at  atmospheric  pressure  with  external  heating  or  within  a 
propellant)  made  at  OiTOA  led  us  to  the  tentative  conclusion  that  melting  does  occur  at  low  pressures  but  not 
at  high  pressure  (above  21  atm).  Later  experiments  by  Boggs*  also  prove  the  existence  of  a  molten  phase  at  all 
pressures,  except  perhaps  at  high  pressures  (above  1 00  atm).  In  our  present  state  of  knowledge,  it  seems  that 
the  existence  of  a  molten  phase  or  a  liquid  phase  must  be  accepted,  although  we  do  not  yet  know  under  which 
conditions  it  is  formed  nor  what  its  incidence  on  the  combustion  process  is. 


H. Selzer 

As  mentioned  in  both  the  paper  and  the  comment  there  are  gome  evidences  for  the  existence  of  a  melt  in  the 
AP  system.  However,  an  indisputable  proof  of  the  melt  has  not  yet  been  brought  forth.  The  cited  SEH-plcturef. 
are  only  able  to  show  the  surface  of  extinguished  samples  and  one  has  to  be  very  careful  in  the  Interpretation 
with  regard  to  the  steady  combustion.  One  feature  of  a  melt  is  the  very  weak  pressure -dependence  of  the  melting 
point,  this  means  an  Increase  of  about  3  degrees  only  in  the  pressure  range  up  to  300  atm.  The  consequences  of 
such  a  fixed  surface  temperature  can  easily  be  seen  and  are  incompatible  with  the  need  of  a  greater  energy 
transfer  due  to  the  increased  burning  rate  at  high  pressure.  As  the  burning  rate  is  influenced  by  lattice 
defects  the  proposed  melt  must  have  a  ycry  high  viscosity  with  a  very  limited  mobility  of  the  molecules.  Then, 
the  difference  between  the  liquid  and  the  solid  phase  probably  lies  In  the  uniform  orientation  of  the  ions 
within  u  small  domain  instead  of  the  whole  crystal.  But  these  ideas  are  more  or  less  vague  as  the  usual  termin¬ 
ology  might  not  be  specific  for  such  a  highly  reactive  system  as  AP.  Therefore  the  basic  question  should  not 
rjk  for  the  “xistence  but  for  the  consequences  of  the  melt. 

*  Hightower,  J.D.  Experimental  Studies  relwtlng  to  the  coabuxtlon  mechanise  of  cumpealte  propellants.  Antrim.  Acta. 

Price.  F.».  Vol. 14.  I.  pp. 11-21. 

*  Boggs,  T.L.  The  deflagration  of  pun*  single  •  rystsis  of  aamoniua  perchlorate.  AIAA  paper  No.  611-  142  7th  Aeronparr 

Sciences  Meeting.  20-22  January  1969. 
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Discussion  on  the  Paper 

MIXING  AND  COMBUSTION  OP  SOLID  PARTICLES  IN  TURBULENT  STREAMS 

(Paper  23) 

presented  by 

P.  0.  Baronti  and  A.  F'erri,  USA 


F.  Jaarsma 

Except  for  boron,  what  is  the  order  of  magnitude  of  increase  in  burning  rate  due  to  turbulent  washing  with 
respect  to  that  at  stagnant  conditions,  say  for  A1  ,  Mg  and  Be? 


P.O.  Baronti  and  A.Ferrt 

Turbulent  washing  is  intended  to  identify  the  mechanism  of  particle  combustion  in  turbulent  media.  Turbulent 
washing  applies  to  combustion  of  large  size  particles,  say  with  a  radius  of  50/c  or  more;  in  particular,  it 
appears  to  be  the  controlling  mechanism  for  the  combustion  of  particles,  as  A1  ,  Mg  and  Be.  that  otherwise 
would  burn  by  vapor  phase  reaction.  However,  we  have  not  made  any  calculation  of  the  combustion  of  A1  ,  Mg  and 
Be  particles  in  turbulent  fields. 


R.M. Jones 

You  mentioned  that  you  needed  additional  data  to  verify  your  theory.  What  type  of  data  do  you  need  to  verify 
your  theory? 


P.O.  Baronti  and  A.Perri 

The  ideal  data  should  come  by  performing  an  experiment  where  a  burning  particle  or  a  burning  rod  is  vibrating 
at  established  frequencies  and  amplitudes  in  an  oxidizing  field. 


L.A.Povinelli 

In  practical  propulsion  devices,  the  mean  flow  velocity  tends  to  be  relatively  large,  i.e.  greater  than 
several  hundred  feet  per  second.  Turbulence  level  (intensities)  tend  to  be  relatively  low  with  the  exception 
of  the  region  near  an  injection  port  or  shear  layer.  Consequently  it  would  appear  that  the  relative  velocity 
between  particles  and  gas  would  be  the  controlling  factor  in  removing  boron  oxides  or  combustion  products  from 
the  region  of  particles  and  the  turbulence  contributes  only  in  a  minor  way. 


P.O. Baronti  and  A.Perri 

The  mean  velocity  lag  between  particles  and  surrounding  fluid  undoubtedly  enhances  particle  combustion,  but 
it  is  the  high  irequcncy  components  of  the  turbulence  that  produce  turbulent  washing.  In  combustion  chambers, 
of  relative  short  length,  the  turbulence  level  remains  high  because  combustion  itself  enhances  turbulence.  We 
expect,  therefore,  that  the  effects  of  turbulence  on  particle  combustion  will  prevail  throughout  the  entire 
combustion  region. 


Discussion  on  the  Paper 

DIFFUSION  FLAMES  OF  MAGNESIUM  VAPOUR  AND  OXYGEN  AT  i.5*  PRESSURES 

tPaper  26) 

presen teu  hy 

B.  E.  L.  Deckker  and  B.  K.G.  Ran  Caeadr 


I..K. Willis 

Did  you  come  to  a  conclusion  bused  y  >ur  results,  ftvoi.ng  t*ie  of  the  existing  mechanism  models  or  do  you 
have  suggestions  for  modifications’ 

1  an  sure  you  tried  everything  possible  to  obtain  the  right  temperature  with  your  thermocouples.  However, 

1  think,  in  the  light  of  the  low  pressures  and  the  reactions  occurring,  your  calibration  meihixi  Is  no!  sufficient. 
Do  you  see  any  method  to  hack  up  your  experiments. 
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B.E.L.Deckker 

As  we  have  emphasized  in  our  paper,  the  conclusions  we  have  reached  as  a  result  of  our  investigations  must 
be  regarded  as  tentative  only.  It  is  clear  that  the  nature  of  the  experiments  we  have  described  does  not  allow 
us  to  take  up  a  valid  position  with  regard  to  a  model  of  the  Mg-Oj-Ar  flame.  However,  other  evidence*  we  have 
since  obtained  from  the  dispersion  and  particle  size  of  the  deposits  at  different  radial  positions,  collected 
on  thin  glass  3lides  inserted  through  the  apparent  centre  of  the  flame,  appear  to  favour  a  model  similar  to 
that  proposed  by  Sullivan*.  We  believe  that  we  can  distinguish  an  inner  zone  in  which  there  Is  a  heavy  con¬ 
centration  of  pure  magnesium  (particle  size  12-16/x),  with,  what  must  be,  magnesium-oxide  nuclei  whose  dimensions 
cannot  be  ascertained  by  optical  microscopy.  Outside  of  this  zone  the  magnesium  particles  are  dispersed  and 
are  clearly  evaporating,  while  the  MgO  particles  grow  slowly  from  0.  V-'  to  0.  3/j.  at  the  outermost  edge  of  the 
luminous  zone.  The  size  of  the  inner  zone  depends  on  the  concentration  of  oxygen,  varying  from  a  diameter 
of  approximately  3  mm  at  20  percent  oxygen  to  8mm  for  5  percent  oxygen.  In  these  two  cases,  *he  vaporiser 
tube  temperature  is  610°C,  the  total  pressure  in  the  combustion  chamber  is  0.9  mm  Hg  and  the  carrier  gas  con¬ 
centration  is  8  percent.  There  is  evidence  also  that  the  MgO  particles  tend  to  pile-up  outside  the  inner 
zone  for  the  higher  oxygen  concentrations,  We  have  referred  to  this  aspect  in  the  text  of  the  paper. 

Che  tentative  conclusion  that  the  bulk  of  the  reaction  is  homogeneous  hinges  on  the  validity  of  our  inter¬ 
pretation  of  the  thermocouple  data.  The  additional  evidence  that  we  have  briefly  given  here  indirectly  confirms 
our  earlier  view  of  the  nature  of  the  reaction.  While  it  is  clear  that  further  experiments  can  be  devised  to 
test  the  correctness  of  what  we  regard  as  the  flame  temperature,  at  present  one  must  also  account  for  the 
systematic  agreement  between  our  temperatures  and  those  predicted  by  the  temperature-pattern  method  of  Reference 
13.  As  we  have  pointed  out  in  the  text,  the  implication  here  is  that  the  activation  energy  is  only  weakly 
dependent  on  the  temperature,  and  one  cannot,  therefore,  ignore  the  possibility  of  a  termolecular  reaction. 


Discussion  on  the  Paper 

THE  ROLE  OF  CARBON -GAS  REACTIONS  IN  THE  EROSION  OF  ROCKET  NOZZLES 

(Paper  28) 
presented  by 

G.  A.  Heath  and  R.  W.  Thackray ,  UK 


R.  J.  Ze alter 

The  recession  of  rocket  throat  surfaces  during  firings  has  been  measured  at  Allegany  Ballistics  Laboratory, 
Cumberland,  Maryland,  by  the  technique  of  imbedding  microthermocouples  at  successively  increasing  depths  in 
the  material  of  the  nozzle  throat.  As  the  throat  erodes,  a  discontinuity  in  each  temperature  trace  indicates 
when  its  thermocouple  has  reached  the  surface. 


G. A. Heath  and  R.W. Thackray 

I  am  grateful  to  Mr  Zeamer  for  this  information.  This  procedure  will  give  the  nozzle  threat  diameter  at 
discrete  intervals  during  the  firing.  We  shall  now  consider  the  use  of  this  method  in  our  own  work. 


J.S.  Sheas  by 


You  mention  that  you  intend  to  measure  kinetic  rates  of  erosion.  How  will  you  do  this7 


G.  A.  Heath  and  R.W.  Thackray 

At  present  we  measure  the  total  erosion  at  the  end  of  the  firing.  In  order  to  be  able  to  make  direct 
comparisons  between  experimental  results  and  theoretical  predictions  (as  given  in  Figures  2,  3  and  4)  it  is 
necessary  to  have  a  measure  of  the  nozzle  throat  diameter  at  any  Instant  during  the  firing.  Continuous  precise 
measurement  of  thrust,  combustion  pressure  and  mass  flow  rate  of  propellent  will  enable  this  information  to  be 
obtained.  We  have  already  begun  to  apply  this  procedure  to  a  liquid  propellent  rocket  engine  where  it  is 
possible  to  continuously  measure  propellent  flow  rites.  The  solid  propellent  rocket  moto*~  presents  more 
difficulties.  However,  the  mass  burning  rate  is  dependent  on  the  combustion  pressure,  usually  by  s  known 
relationship,  and  alao  on  the  burning  area,  which  can  be  estimated  from  measurements  with  the  same  type  of 
solid  propellent  charge  ualng  a  non-eroding  nozzle. 


*  Otonendaht.  P.P.  Unpublished  work.  Oepartaenl  of  Mechanical  tnglneerlng.  University  of  Saskatchewan.  Saskatoon. 

*  Qlassaan.  I..  NtUor.  A. M. ,  Sullivan.  HP.,  and  lmureodeau.  N.M.  A  Revtra  of  Metal  Ignition  and  Flaar  Models.  PWper  No  IP. 
presented  st  this  Conference. 


Discussion  on  the  Paper 

A  LABORATORV  INVESTIGATION  OF  CARBON-GAS  REACTIONS  Or 
RELEVANCE  TO  ROCKET  NOZZLE  EROSION 
(Piper  39) 

presented  by 

J.C. Lewis,  I.  J. Floyd  and  F. C. "owlard,  UK 


J.S.Sheasby 

I  notice  that  you  used  cold  gases  for  reaction.  Have  you  considered  any  effects  this  right  have  on  rate  of 
reaction? 


J.C.  Lewis 

At  one  time,  we  were  planning  to  pre-heat  our  reactant  gas  to  the  temperature  cf  the  carbon  surface  and  did 
in  fact  develop  a  small  heater,  base!  on  an  R.F.  induction  plasma  torch,  for  this  purpose.  The  power  available 

on  this  heater  was  only  about  10  kW,  a no  the  kinetic  experiments  which  wi  did  with  it  were  therefore  restricted 

to  low  flow  rates;  thus,  although  the  reaction  rate  was  increased  slightly  by  pre-heating  the  gas,  we  could  not 

be  sure  that  this  effect  was  not  due  to  a  change  in  boundary  layer  thickness  (or  to  the  generation  of  excited 

species  by  the  plasma,  although  an  attempt  was  made  to  minimise  this  by  injecting  the  reactant  gas  into  the 
"tail"  of  an  argon  plasma  rather  than  into  the  plasma  --.one  itself).  The  Hmited  effort  available  did  not 
permit  the  development  of  more  powerful  heaters  for  the  high  temperatures,  pressure^  and  flow  rates  ws  required, 
so  most  of  our  work  has  been  done  with  initially  cold  gas  (as,  of  course,  has  nearly  all  the  work  on  gas-solid 
reactions  in  this  temperature  range:  a  notable  exception  is  the  B.C.U.R.A.  work*  on  the  reactions  of  pulverised 
coal  with  plasma-heated  gases).  The  question  of  whether  complete  thermal  accommodation  is  achieved  in  the  cold 
gas/hot  surface  system  before  reaction  is  still  an  open  one:  I  would  like  to  see  more  work  done  with  pre-heated 
gases. 

Our  work  certainly  established  that  the  rate  maximum  is  not  due  to  any  thermal  accommodation  effect:  the 
general  shape  of  the  rate/temperature  curve  was  unaltered  by  pre-heating  the  reactant  gas. 


D. E. Rosner 

Our  recent  experiments  with  OH-radicals  (generated  from  the  reaction  H  t  NO.,  -  NO  +  OH)  and  H-atoms  (generated 
by  passing  H?-Ar  mixtures  through  a  microwave  discharge)  may  be  of  interest  in  making  a  preliminary  assessment 
of  the  possible  role  of  these  "unstable"  species  as  reactants  in  rocket  exhaust  gases.  Figure  22,  taken  from 
Reference  44*.  compares  the  relative  cullision  efficiencies  of  OH  ,  H ,  0  and  0?  in  causing  surface  recession 
(i.e.  C-atom  loss)  of  an  isotropic  synthetic  graphite  (density  %  1.73  gmem’3).  Near  2000°K  the  sequence  of 
reactivity  is  evidently  0  >  0?  >  OH  »  H ,  with  about  one  order  of  magnitude  separating  each  of  the  first  three. 
While  non-uniform  surface  attack  of  this  graphite  also  precluded  our  inference  of  a  well-defined  reaction 
probability  for  H?0(g)  ,  these  kinetic  data,  combined  with  the  extensive  (higher  pressure)  kinetic  data  of 
Lewis.  Floyd  and  Cowlard,  should  provide  a  useful  rtarting  point  in  understanding  the  chemical  ablation  behavior 


SURFACE  TEMPERATURE,  T  (K) 
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Fig. 22  Temperature  dependence  of  the  attack  of  isotropic  graphite  hy  0  .  0;  ,  H  and  OH 


•  Cray.  11. 0  and  Maher.  O  h.  Nature.  Vol.214.  1967,  p  797. 

*  ILainrr.  O.K.  and  Allrndorf.  M.D  "Mnetlea  of  the  Attack  of  Refractory  materials  by  Oiaaoclated  Oasea".  to  appear  In 

hit.  i'.ntif .  on  iieter  ngenenut  Airtellri  at  fletuteri  Tempe  i  ilium  (in  prrns  ) . 
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of  graphites.  However,  at  this  point  it  is  appropriate  to  reiterate  the  danger  of  assuming  (without  experimental 
verification)  that  all  of  the  reactants  discussed  above  act  independently  of  one  another.  In  general,  one  must 
anticipate  complex  "coupling”  behaviour  -  which  can  lead  to  large  (positive  or  negative)  deviations  from  simple 
estimates  based  on  individual  gas  data  (scaled  in  accord  with  their  respective  (i)  partial  pressures  and  (ii) 
reaction  orders). 


J.C.  Lewis 

Professor  Rosner’ s  warning  is  a  valid  one,  as  shown  by  the  results  (not  included  in  our  paper)  of  a  very 
limited  amount  of  work  which  we  did  on  the  reaction  of  vitreous  carbon  with  mixtures  of  C0?  and  H?0  .  This 
showed  that  for  high  H20/C02  ratios  (e.g.  9:1)  additivity  was  approximately  maintained:  however,  for  an  H20/C02 
ratio  of  2:1,  the  reaction  rate  at  temperatures  below  about  2300°K  was  lower  than  for  C02  or  H?0  alone. 

Much  more  experimental  work  is  required  before  due  allowance  for  non-additivity  can  be  made  in  the  calculation 
of  erosion  rates  in  complex  mixtures  such  as  exhaust  gases;  the  error  involved  in  assuming  additivity  is  likely 
to  be  small  for  aluminised  propellants  with  high  HjO/CO,  ratios,  but  may  be  significant  with  liquid  and  non- 
aluminised  propellants  with  H20/C02  ratios  of  about  5.i*. 


Discussion  on  the  Paper 

REPRESENTATION  SCHEMATISE  DES  PROCESSUS  D’ ABLATION 
(Paper  33) 
presented  by 

J.J. Nicolas,  S.Kohn  and  G.  Taguet,  France 


J.C. Lew  is 

Does  your  mass  balance  treatment  allow  for  the  difference  in  reactivity  of  oxygen  in  different  forms,  c. g. 
in  our  work  we  found  H20  to  be  more  reactive  than  C02  at  high  temperatures. 

0. Taguet 

No,  we  have  admitted  that  in  our  test  conditions  the  rate  of  all  the  considered  chemical  reactions  was 
sufficiently  high  to  neglect  any  activation  energy  terms.  However,  using  a  different  test  method  we  have 
found  that  the  H20  was  more  reactive  than  C02  at  temperatures  around  2100-2500°K. 


Discussion  on  the  Paper 

LA  VITESSE  LINEAIRE  DE  REGRESSION  DU  PERCHLORATE  D’ AMMONIUM 
DANS  UN  ECOULEMENT  GAZEUX  COMBUSTIBLE 
(Paper  33) 
presented  by 

C.  Casci  and  L.  De  Luca,  Italy 


G.S, Pearson 

I  should  like  to  make  a  few  comments  on  the  interesting  data  presented  by  Professor  Casci.  First,  on  the 
effect  of  different  fuel  gases.  The  flows  at  which  the  regression  rates  arc  maximum  show  a  correlation  with 
the  stoichiometric  amounts  of  fuel  required  for  complete  combustion  with  a  constant  amount  of  oxidizer 


Fuel 

Experimental 
Maximum  Flow 

Moles  Fuel  for 
Stoichiometry 
with  20 2 

5 

A 

1 

1 

CA 

0.9 

4/7 

C,H, 

0.7 

2/5 

The  effect  of  the  different  fuels  on  AP  and  on  AP  unit  additive  was  compared  for  an  AP  mixture  containing 
It  Zn.  However,  as  Figure  5,  curve  (a),  and  Figure  10.  curve  (a),  thow.  the  addition  of  Zn  has  little  effect 
on  the  regression  rate,  hence  different  fuel  gases  would  be  expected  to  have  similar  effects  on  AP  and  on  AP 
with  1%  Zn,  which  (as  confirmed  by  Figures  12  and  11 


Heath.  Q.A.  and  Thackray.  *.».  Paper  2*  of  this  Colloquium. 
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However,  I  would  suggest  that  this  may  not  be  true  for  AP  with  small  amounts  of  oxides,  as  some  recent 
experiments  (AIAA  Journal,  Vol.5,  p.344,  1967)  have  shown  that  transition  metal  oxides  are  effective  catalysts 
for  the  ignition  of  impinging  gas  streams  of  ammonia  or  iso-butene  and  perchloric  acid.  Less  ready  ignition 
was  obtained  with  ethylene  but  ignition  was  not  observed  witn  methane.  A  closer  simulation  of  the  combustion 
process  in  composite  propellants  would  be  to  use  unsaturated  hydrocarbon  in  place  of  hydrogen  as  the  transition 
metal  oxides  may  then  have  a  larger  effect  on  the  regression  rates, 

The  second  point  concerns  the  high  activity  of  reduced  copper.  Other  experiments  (Combustion  and  Flame,  in 
press)  have  been  made  with  copper  chromate  and  copper  chromite.  These  have  been  shown  to  contain  appreciable 
amounts  of  cupric  oxide  -  for  example,  Harshaw  copper  chromite  Cu0202  is  approximately  CuCr?04,  7CuO . 
Alternate  exposure  ol  these  materials  is  400°C  to  fuel  gas  (NH3,C?H4  and  iso-butene  but  not  CH„)  and  to  oxygen 
results  in  transient  appreciable  heat  releases.  Weight  measurements  show  that  weight  changes  are  reproducible 
and  correspond  to  a  redox  cycle  between  cupric  oxide  and  copper.  It  is  very  necessary  in  all  work  with 
catalyst/AP  mixtures  to  characterize  the  particle  size  of  the  different  catalysts  and  thus  to  compare  the 
relative  efficiency  of  tne  catalysts  on  a  metal  mole  percent  basis, 

Finally,  two  brief  points.  Figure  28  shows  that  the  ignition  delay  of  AP/metal  mixtures  is  a  minimum  at 
100/1  metal.  This  indicates  that  the  ignition  process  is  that  of  AP/metal  in  atmospheric  air  and  is  not  that 
applicable  to  AP/fuel  mixtures  in  solid  propellant  rockets.  Secondly,  Figure  18  shows  that  an  AP/5%  reduced 
copper  mixture  has  a  regression  rate  of  0.47  to  C.  52  mm/sec  in  flowing  hydrogen  at  1  atmosphere.  Under  static 
conditions  shown  in  figure  24  the  regression  rate  at  1  atm  is  2. 5 mm/sec.  Do  you  have  any  suggestion  as  to 
why  a  hydrogen  flow  should  decrease  the  regression  rate  by  a  factor  of  5. 


C.Casci  and  1..  lie  Luca 

Pour  ce  qui  conceme  le  premier  point  il  faut  remarquer  que,  se'lon  nos  definitions,  le  melange  AP/me'tal  au 
100%  est  constitue  a  moiti^  de  AP  et  a  moitid  de  mdtal  et  done  le  proeds  d’ ignition  n’ a  pas  lieu  a  l’air 
atmosphe'rlque. 

Pour  la  seconde  question  nous  n’ avons  pas  jusqu’a  ce  moment  une  expliquation  valable  a  donner:  une  sdrie 
syste'matique  d' experiences  est  en  cours  de  realisation  pour  mieux  illnstrer  les  proprietes  de  melanges  AP/additifs 
sous  pression.  En  tout  cas  il  est  bien  de  noter  que  la  Figure  18  se  rapporte  a  des  mesures  effectue'es  a  la 
pression  relative  0. 


J.  F.Lieberherr 

Les  resultats  tres  interessants  obtenus  par  le  Professeur  Casci  et  Mr  de  Luca  completent  heureusement  ceux 
que  nous  avons  obtenus  a  l'ONERA.  Je  voudrais  faire  trois  remarques:  L’ dcart.  &  la  loi  classique  en  D?  dans  la 
combustion  de  spheres  observe’  par  L.Nadaud  peut  etre  attribuc  a  un  nombre  de  Lewis  different  de  1’ unite  mais  il 
serable  egalement,  d' apres  une  etude  actuellemont  en  cours.  que  cet  e’eart  puisse  dtre  attribue  a  la  ricn  Constance 
de  la  vitesse  de  reaction  au  cours  de  la  vie  de  la  goutte  ou  de  la  sphere  en  combustion.  11  me  semble  ensuite 
que  la  difference  entre  les  fluctuations  de  pressior.  observers  lors  de  la  combustion  de  PA  dans  un  gaz  combustible 
et  celles  observees  pour  un  propergol  composite  doive  £tre  attribute  a  la  difference  d’echelle  d’ heterogeneite 
entre  les  deux  cas.  Dans  le  premier  cas  1’ echelle  est  comparable  au  diametre  de  1’ echaniillon  et  les  irregu¬ 
larity  de  1' ecoulement  se  traduisent  par  des  irregularite’s  de  combustion,  tandis  que  dans  le  deuxieme  cas 
l’echeile  est  beaueoup  plus  petite  et  les  irregularites  de  combustion  se  compensent.  Enfin  il  serait  intdressant 
de  distinguer  dans  les  experiences  de  ce  type  entre  les  effets  des  additifs  et  ceux  dus  a  la  temperature  de 
surface  qui  peut  quand  m&te  varier  un  peu,  bien  que  dans  un  domaine  etroit,  en  conside’rant  comae  acquis  que  les 
gaz  ambiants  n’atteignent  pas  la  surface  du  PA.  Nos  experiences  de  pyrolyse  indiquent  que  les  vitesses  de 
regression  mesurees  ici  correspondent  a  des  temperatures  de  surface  de  T  ordre  de  640°C  et  il  me  semble  qu’ il 
serait  done  tnteressant  de  de.'lnlr  des  conditions  ope’ratolres  standard  assurant  par  exemple  des  conditions 
adiabatiques  qui  peraett ratent  de  coi^arer  utilement  les  resultats  obtenus  par  differents  experimentateurs. 


C.  Casci  and  I.,  dr  Luca 

En  remerolant  le  Dr  Lleberherr  de  son  Intervention,  nous  ne  pouvons  qu’ftre  d’ accord  avec  sen  remarqurs  et 
en  partlculier  avec  l' observat ion  relative  aux  fluctuations  de  pression  lors  dr  la  combustion  hybrtdr  ou  commr 
propergol  sollde  composite  de  AP. 
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advances  in  NATO  laboratories  and  authoritative  surveys  afford  a  current  advances  in  NATO  laboratori 
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